Template Syntheses, Coordination Chemistry, and Reactivity of Tetraphosphorus Macrocycles: Toward Macrocyclic Iron(II) Complexes for Applications in Nitrogen Coordination by Nell, Bryan
!!
TEMPLATE SYNTHESES, COORDINATION CHEMISTRY, AND REACTIVITY OF 
TETRAPHOSPHORUS MACROCYCLES: TOWARD MACROCYCLIC IRON(II) 
COMPLEXES FOR APPLICATIONS IN NITROGEN COORDINATION 
!!!!!!!!!!!!!
by !
BRYAN P. NELL !!!!!!!!!!
A DISSERTATION !
Presented to the Department of Chemistry and Biochemistry 
and the Graduate School of the University of Oregon 
in partial fulfillment of the requirements 
for the degree of 
Doctor of Philosophy  !
June 2014  
DISSERTATION APPROVAL PAGE !
Student: Bryan Paul Nell !
Title: Template Syntheses, Coordination Chemistry, and Reactivity of Tetraphosphorus 
Macrocycles: Toward Macrocyclic Iron(II) Complexes for Applications in Nitrogen 
Coordination !
This dissertation has been accepted and approved in partial fulfillment of the 
requirements for the Doctor of Philosophy degree in the Department of Chemistry and 
Biochemistry by: !
Dr. Darren W. Johnson Chairperson 
Dr. David R. Tyler Advisor 
Dr. Michael M. Haley Core Member 
Dr. Eric I. Corwin Institutional Representative !
and !
Kimberly Andrews Espy Vice President for Research and Innovation; 
 Dean of the Graduate School  !
Original approval signatures are on file with the University of Oregon Graduate School. !
Degree awarded June 2014. !
!ii
!!!!!!!!!!!!!!




Bryan Paul Nell !
Doctor of Philosophy !
Department of Chemistry and Biochemistry !
June 2014 !
Title: Template Syntheses, Coordination Chemistry, and Reactivity of Tetraphosphorus 
Macrocycles: Toward Macrocyclic Iron(II) Complexes for Applications in Nitrogen 
Coordination !!
The preparation of tetraphosphorus macrocycles is a relatively undeveloped field 
of chemistry.  Despite their great potential as ligands for transition metal complexes, no 
synthesis has been established that is both general and high yielding.  One potential use 
for these macrocycles is with iron(II) metal complexes that can be used as robust 
catalysts for applications in the coordination and activation of dinitrogen, where the 
stability of the complex is derived from the “macrocycle effect”.  This dissertation 
describes synthetic routes based on template syntheses using copper(I), which can be 
removed to yield the free macrocyclic phosphine, and attempts at directly using Fe(II) as 
a template.  Chapter I reviews the literature on the synthesis and coordination chemistry 
of secondary phosphines on transition metals.   
Chapter II describes methods for preparing tetraphosphorus macrocycles on 
copper(I) using two bidentate secondary phosphines bridged with two ɑ-ω dihalides. 
Previous work with copper(I) investigated using the phosphorus Mannich reaction 
with 1,2-bis[(dihydroxymethyl)phosphino]ethane to form macrocycles and found that the 
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copper complex Cu(DHMPE)2Cl forms a dimer in the solid state.  Chapter III 
investigates this complex using 1H-DOSY NMR spectroscopy to find that the complex is 
monomeric in solution but dimeric as a solid.   
Chapter IV describes a synthetic method toward tetraphosphorus macrocycles 
using a linear open-chain mixed tertiary/secondary phosphine on copper(I).  The copper 
can be removed and the free ligand can be coordinated to iron(II).  The complex binds 
dinitrogen readily at atmospheric pressures.   
Chapter V investigates using iron(II) directly as a template, cutting out the need 
for a “surrogate” metal.  The synthesis of hydrophilic tetradentate phosphines is also 
discussed.  To conclude, an outlook for the future of this project is discussed.   
This dissertation includes previously published and unpublished co-authored 
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REVIEW OF THE SYNTHESIS, REACTIVITY, AND COORDINATION 




 Phosphines are important compounds in chemistry, mostly because of their 
valuable properties as ligands in transition metal complexes.  Phosphine ligands are 
classified as “soft”, strong σ-donors, and their electronic, steric, and stereochemical 
properties can be varied based on the substituents attached to the phosphorus atom.1-3  
Because of this, the steric, electronic, and reaction environment of the corresponding 
complexes can be tuned based on the phosphine ligands.4  This is particularly useful 
when the complexes are used for homogenous catalysis, such as hydrogenation, 
hydroformylation, hydration, hydrolysis, cross-couplings, and carbon-heteroatom bond 
formations, which tend to use transition metal catalysts bearing phosphine ligands.5  
Additionally, because of the sigma-donation of phosphines, transition-metal phosphine 
complexes are able to activate small molecules6, such as H2, O2, N2, H2O, and CO2, 
which make those complexes candidates for making some energy-intensive industrial 
processes more “green”, such as ammonia synthesis.7-23  The first phosphines were 
synthesized as early as the 1870’s (a review of phosphorus chemistry up until 1970 is 
covered by Maier24) and have been extensively researched since.  This review will focus 
on the synthesis of secondary phosphines and their uses as ligands for transition metal 
 2 
complexes.   
 
1.2. Background 
 Phosphines are three coordinate phosphorus compounds that have a trigonal 
pyramidal geometry.  Tertiary phosphines 1 have three C-P bonds while secondary 
phosphines 2 have two C-P bonds and one P-H bond and primary phosphines 3 have one 
C-P bond and two P-H bonds.  Phosphorus can also form compounds with halogens 4, 
oxidize to form four-coordinate phosphine oxides 5, form positively charged 
phosphonium cations 6, have three and four coordinate esters/acids 7, and form stable 
five-coordinate compounds 8 (Figure 1).  
 
 
Figure 1. Examples of phosphorus compounds. 
 
 Phosphines, in general, have a pyramidal geometry, though the angle of the C-P-C 
bond in tertiary phosphines can change radically based on the R-group attached to 
phosphorus, ranging from 98.6° (trimethylphosphine 9) to 109.9° (tri-tert-butylphosphine 

























Figure 2. C-P-C bond angle comparison between trimethylphosphine 9 and tri-tert-
butylphosphine 10. 
 
 Phosphines tend to share characteristics with their group 15 members, the amines.  
Though both phosphines and amines are pyramidal, the pyramidal inversion at room 
temperature is rapid for amines but is extremely slow for phosphines.  This is because the 
energy barrier for going through an sp2 planar transition state is higher for phosphines 
(barrier is ~30-35 kcal/mol compared to ~5 kcal/mol for amines).25  Because of this, a 
phosphine has a fixed pyramidal geometry; if the phosphine has three different 
substituents, the molecule can be optically active (Figure 3).  The fact that phosphines 
can be optically active has led to many advances in organometallic asymmetric catalysis.  
Chirality at phosphorus has been reviewed many times and those reviews contain very 
valuable information on the subject.26-28   
 
Figure 3. The two stereoisomers of methylphenylphosphine, showing the stereochemical 
implication of three different substituents on phosphorus. 
 
 In terms of basicity, phosphines trend well with amines, with phosphines being 
slightly less basic.  For example, the pKb of triethylphosphine is 5.4, similar to other 
simple tertiary phosphines in the range of 4.5 to 6.  In comparison, triethylamine has a 




















has a dramatic effect on basicity, with secondary phosphines having pKb values around 
9.5-10.5 and primary phosphines ranging from 13.5-14.  However, when replacing alkyl 
groups on nitrogen, there is no appreciable effect as diethylamine has a pKb of 2.9 and 
ethylamine has a pKb of 3.2.29  
 In general, phosphines are extremely air-sensitive compounds that are 
characteristically malodorous and potentially toxic.  These compounds also tend to be 
difficult to handle and pyrophoric, especially low molecular weight primary and 
secondary phosphines.  A recent article by Stewart et al. describes computational 
methods to predict the air-stability of phosphines, indicating that steric bulk or 
incorporation of heteroatoms/conjugation is required to protect the phosphorus atom from 
oxidation by molecular oxygen.30      
  
 
1.3. Secondary Phosphine Synthesis 
 The synthesis of secondary phosphines is well documented in the literature, but 
significant advances in the preparation of these molecules have not been made in many 
years.  Essentially any procedure herein for making secondary phosphines applies to 
tertiary phosphines as well.31  One appeal to synthesizing secondary phosphines is the 
ability to take the product onto chiral tertiary phosphines, which may be useful as ligands 
on transition metals for use in asymmetric catalysis.  
 
1.3.1. Alkylation  
The most basic way to make secondary phosphines is by starting with a phosphide 
anion derived from a primary phosphine.  For example, phenylphosphine 11 can be 
 5 
metallated with Na/NH3, Li/THF, K, Ca, or deprotonated with n-BuLi to produce the 
phosphide, followed by alkylation with any number of electrophiles to yield the desired 
tertiary phosphine (Scheme 1).25  This general reaction32 is not stereospecific, and a 
mixture of stereoisomers should be expected.  Stoichiometry is very important in these 
reactions, as over-alkylation is common.   
 
Scheme 1. Alkylation of a primary phosphine to yield a secondary phosphine.  
 
  
 Reaction of phosphide anions with alkylene dihalides leads to either cyclic or 
bis(phosphino) derivatives.  The synthesis of the first phosphorus heterocycle with three 
members, called a phosphirane 12, has been prepared this way as a secondary phosphine 
(Scheme 2).33  
 
Scheme 2. Alkylation with a dihalide to form a phosphirane, 12. 
 
 
 More recently, work investigating primary and secondary phosphine-borane 
adducts 13 has shown that alkylation of these compounds can be more easily controlled.  
A recent review on phosphine-borane adducts has described these syntheses and 
reactivity extensively.34  The advantage of phosphine-boranes is the ability to work with 
Ph PH2
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air-sensitive phosphines as air-stable solids.  An extra deprotection step is required with a 
secondary amine to release the free phosphine from the adduct (Scheme 3).   
 
Scheme 3. Alkylation of a phosphine-borane adduct 13 and subsequent deprotection with 




 Perhaps the most common method to produce secondary phosphines comes from 
reduction reactions.  There are many phosphorus species that can be reduced to secondary 
phosphines: phosphinous dichlorides 1435,36, secondary phosphine oxides 1535,37, 
phosphonate esters and other phosphinic species 16-1735,38, secondary chalcogenides 
18.39  There are also a variety of reagents and methods capable of carrying out the 
reduction, but traditionally, the most common reagent is use of excess lithium aluminum 
hydride (LAH) in an ethereal solvent (Scheme 4).   
 








































 Other reagents are also capable of carrying out the reduction step to obtain 
phosphines.  Alkali metals in inert solvents can reduce oxides to free phosphines.  The 
silanes have been used since 1964 as a method of reducing phosphine oxides.40 
Phenylsilane,41 trichlorosilane, and other silanes42 have been used to reduce secondary 
phosphine oxides to secondary phosphines.  Additionally, Busacca et al. have found that 
DIBAL-H and iPr3Al are capable of reducing tertiary43 and secondary phosphine oxides44 
to the respective phosphines with very mild conditions and reaction times, achieving 
good yields and purities (Table 1).  Engle has published a through review of the reduction 
chemistry of phosphorus.45    
 
Table 1. Reduction of secondary phosphine oxides to secondary phosphines with 
DIBAL-H. 
 
Entry R1 R2 Time/T (°C) Yield (%) 
1 C6H5 C6H5 10 min/25 86 
2 4-F-C6H4 4-F-C6H4 10 min/25 90 
3 4-Cl-C6H4 4-Cl-C6H4 10 min/25 83 
4 4-Me-C6H4 4-Me-C6H4 10 min/25 80 
5 3-F-C6H4 3-F-C6H4 10 min/25 89 
6 3-Cl-C6H4 3-Cl-C6H4 10 min/25 81 
7 3-F,5-Me-C6H3 3-F,5-Me-C6H3 10 min/25 82 
8 3,5-F2,4-OMe-C6H2 3,5-F2,4-Ome-C6H2 10 min/25 90 
9 3,5-Cl2-C6H3 3,5-Cl2-C6H3 1 h/-20 90 
10 3,5-F2-C6H3 3,5-F2-C6H3 1 h/-20 80 
11 2-Me-C6H4 2-Me-C6H4 8 h/25 80 
12 4-Nme2-C6H4 4-Nme2-C6H4 45 min/25 92 
13 4-Ome-C6H4 4-Ome-C6H4 40 min/25 91 
14 2-Ome-C6H4 2-Ome-C6H4 8 h/35 75 
15 C6H5 i-Pr 10 min/25 90 
16 C6H5 t-Bu 4 h/50 86 
17 n-Bu n-Bu 1 h/25 85 
18 C6H11 C6H11 4 h/50 88 
19 t-Bu t-Bu 4 h/50 87 









 One of the most effective routes toward aryl secondary phosphines is through 
reductive cleavage of the P-Caryl bond.  The corresponding aryl tertiary phosphine can be 
used and treated with Li or Na/NH3 at cold temperatures to reductively cleave a P-Caryl 
bond, generating the metallated phosphide.  Subsequent hydrolysis of the phosphide 
generates the desired secondary phosphine.  This technique has been especially useful in 
the preparation of many aryl bis-bidentate secondary phosphine.46,47  A detailed study of 
this reaction with Li/THF was carried out using 1,2-bis(diphenylphosphino)ethane 19 to 
determine a plausible mechanism of the reaction (Scheme 5).48  The authors proposed a 
competitive separation of the leaving groups as the most stable anion or radical.   
 
Scheme 5. Reductive cleavage of a bis-diaryl phosphine with lithium.   
 
 
1.3.3. Addition to Unsaturated Bonds (Hydrophosphination)  
 Secondary and primary phosphines will readily undergo radical reactions and base-
catalyzed reactions to add to unsaturated carbon-carbon bonds; this is a useful way to 
incorporate new P-C bonds.  Reaction of a P-H bond in the presence of a radical initiator 
(often AIBN is used) and an olefin will lead to anti-Markovinkov addition across the 
double bond (Scheme 6).  This is a method to incorporate multiple phosphorus atoms into 












Scheme 6. Radical-initiated hydrophosphination mechanism. 
 
  
 Secondary phosphines can also be prepared from phosphine gas added to α-β 
unsaturated nitriles and carbonyls under basic conditions.49  This reaction is similar in 
nature to a Michael addition.  If the reactant conditions are controlled, the reaction can be 
used to obtain monoalkylation, dialkylation, or trialkylation of phosphine.   
 
1.4. Coordination Chemistry of Secondary Phosphines 
 In general, transition metal complexes bearing secondary phosphines are not used 
as catalysts in homogeneous catalysis, but often used as a methodology to generate 
complexes that contain tertiary phosphines, using the metal as a way to activate the 
secondary phosphine toward reactivity.50  With low-valent transition metals, P-H bonds 
easily undergo formal oxidative additions to form metal hydrides and coordinated 
phosphide ligands51-56; this review will focus on metal complexes where the P-H bond 
remains intact after coordination to metals.  Additionally, this review will look at more 
recent results (past twenty-five years) when available.  A special focus of this review will 
be on metals that have been implemented with secondary phosphines toward the goal of 
preparing phosphorus macrocycles.57,58   
 
1.4.1. Group 4 Transition Metals 



















cyclopentadienyl (Cp) ligands with pendant secondary phosphines.59  The authors sought 
to use the sidearm secondary phosphine as a method of preparing phosphide complexes 
due to the activation of P-H bonds upon coordination.50  Depending on the R-group on 
the phosphorus atom (either 2,4,6-trimethylphenyl (Mes) 21a-b, 2,4,6-tri-i-propylphenyl 
(Tip) 22a-b, or 2,4,6-tri-t-butylphenyl (Mes*) 23a-b), the coordination mode of the 
phosphine changes.  When R=Mes, the pendant secondary phosphine stays coordinated to 
the metal center; when R=Tip, there is an equilibrium between the bound and free 
phosphine ligand; and when R=Mes*, there is no coordination of the phosphine to the 
metal (Scheme 7).     
 




1.4.2. Group 6 Transition Metals 

























































radical hydrophosphination of Mo(allylphosphine)3(CO)3 (Scheme 8).  The resulting 
secondary tri-phosphine macrocycle 24a was achieved in 85% yield and coordinates 
facially on the Mo(CO)3 moiety.  This novel metal-templated reaction utilizes three anti-
Markovnikov P-H bond additions across C-C bonds of neighboring allylphosphine 
groups.60  This method can also be applied to 4-phosphino-1-butene to generate a 15-
membered secondary phosphine macrocyclic Mo complex 24b.  The cyclization process 
can be followed by 31P NMR and sheds light on the mechanism of macrocycle 
formation.61  Edwards et al. later used the similar routes to prepare tri-phosphorus 
macrocycles utilizing chromium and tungsten, 24c62 and 24d63, respectively.  
 
Scheme 8. Tricyclization using hydrophosphination of a templated primary phosphine.  
 
  
 Alkylation of the fac-M(P3)CO3 secondary phosphine macrocycles was carried out 
with either alkyl halides to form 25a-i62, or by radical-initiated hydrophosphination with 
various allyl compounds to yield 26a-g64.   Additionally, the P-H groups could be 
transformed to P-X bonds using CX4 and NEt3 (27a-b).  The rate of this particular 
conversion was significantly faster than reported for free secondary phosphines, 
indicating that the coordination to the metal activates the P-H bond toward this reaction.  
After conversion to the halophosphine, 27a-b were then changed to arylphosphines 28 

































Scheme 9. Alkylated derivatives of triphosphorus macrocyclic complexes. 
 
 In 1997, the Morris group used diphenylphosphine to make acyl and alkyl piano-
stool Mo complexes 29 (Scheme 10).66  At low temperature (-78 °C), these complexes 
reacted with DBU to deprotonate the secondary phosphine, and could be alkylated with 
R-I (R = Me, Et) at -78 °C or RCOCl to yield alkylphosphine acyl 30a-d and 
acylphosphine acyl complexes 31a-d, respectively.  Interestingly, if the deprotonation is 
carried out at room temperature, the anion, which is initially on phosphorus, migrates to 
molybdenum through an intramolecular acyl migration where the acyl group has ended 
on the phosphide ligand.  Through this route, acylphosphine alkyl complexes 32 are 
accessible.  A further study in the same group showed that complex 29a can be reacted 
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temperature phosphorus-centered anion 33, or acylphosphine complexes from the room-
temperature molybdenum-centered anion 34.67   
 
Scheme 10. Temperature-dependent alkylation of a Mo phosphine complex. 
 
 
A molybdenum acetylide complex, [CpMo(CO3)(CCR)] (R = Ph, CO2Me) 33a-b, 
was prepared and reacted with Ph2PH to generate the secondary phosphine complex 
[CpMo(CO)2(CCPh)(Ph2PH)] 34, as well as some of the hydrophosphination product, 35 
(Scheme 11).68  The P-H bond in 34 can be deprotonated with DBU and alkylated with 
MeI to yield the tertiary phosphine complex 36.  By changing the acetylide R group from 
Ph to CO2Me, exclusive formation of the hydrophosphination product 37 can be formed 
as a mixture of E and Z alkenes.  Presumably, the electron withdrawing nature of the 
CO2Me group renders the alkene electron deficient enough to where the P-H bond reacts 





























































Scheme 11. Direct hydrophosphination of diphenylphosphine on an acetylide complex.  
 
 
1.4.3. Group 8 Transition Metals 
 In 1994, Blake et al. prepared and crystallized trans-Os(Ph2PH)4Cl2 38a-b from 
[NH4]2[OsCl6] and excess Ph2PH or Cy2PH, respectively (Figure 3).69  The analogous 
Ru(II) complex 39 was also prepared earlier by Stephenson and co-workers.70  
Electrochemical studies of 38a showed that oxidation potential for the Os(II)-Os(III) 
couple is +0.03 V (vs. ferrocene-ferrocenium), indicating that the complex oxidizes 
relatively easily, also seen in air by red coloration over time due to the corresponding 
Os(III) complex.  Using this data and comparing it to analogous primary phosphine 
complexes, it was found that replacing a proton on each group with a phenyl group had a 
rather small effect on the electrochemical potentials.   
 
Figure 4. Blake’s osmium secondary phosphine complexes.  
  
 Similar to the work previously mentioned (see section 1.4.3.), the Edwards group 
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continued the effort to prepare tri-phosphorus macrocycles, but using Fe(II) as a template 
source.71,72  In this same way, coordination of either allylphosphine or 
allylphenylphosphine to an [Fe(η5-Cp)(η6-benzene)]PF6 precursor led to the primary and 
secondary phosphine complexes 39 and 40, respectively (Scheme 12).  Cyclization then 
occurred using AIBN as a radical initiation to generate the tertiary and secondary 
triphosphorus macrocycles 41 and 42, respectively.  Interestingly, the cyclization of 40 
did not occur when six equivalents of KOtBu were added, followed by three equivalents 
of 1,3-dibromopropane.  When allylphosphine was substituted with α-
methyl(vinyl)phosphine, the cyclization reaction failed to occur in a range of solvents, 
radical initiators, or photolysis, reaction times, and temperatures.    
 The secondary macrocyclic phosphine complex 42 can be reacted with ethylene 
with AIBN in chlorobenzene to alkylate the P-H bonds to yield the coordinated tri-
tertiary phosphine macrocycle 43.  Digestion of complexes 41 and 43 with Na/NH3 yields 
the corresponding free macrocycles 44a-b as single stereoisomers (syn-syn).    
 Ruthenium and osmium porphyrin complexes 45a-g were prepared and used for 
activation of P-H bonds on bound secondary and primary phosphines by Xie and 
coworkers.73  A variety of substituted porphyrins of the form M(por)(CO)(L), (M = 
Ru(II) or Os(II) por = substituted porphyrins, L = solvent) were used as precursors.  
Addition of two equivalents of diphenylphosphine or phenylphosphine gave the 
disubstituted Ru(por)(phosphine)2 45a-d, and in the case of Os, gave 
Os(por)(phosphine)(CO) 45e-g (Scheme 13).  The CO ligand in the Os(II) complexes 
was found to be inert to substitution by the phosphine.   
 16 
Scheme 12. Syntheis of triphosphorus macrocycles on Fe-piano stool complexes.   
 
  
Complexes 45a-c and 45e-f are highly air-sensitive in the solid and solution state.  
Notably however, the fluorinated porphyrin complexes bearing the secondary and 
primary phosphines are stable in air, in both solution and in the solid state.  This stability 
stems from the electron-withdrawing nature of the fluorinated porphyrin.    
 This type of chemistry was extended to Fe(II) porphyrins and Ru(II) 
phthalocyanine coordinating two equivalents PPh2H to form complexes 46 and 47, 
respectively (Scheme 14).74  The Fe(II) complex was highly air-sensitive but the Ru(II) 
complex exhibited remarkable stability to air, in both the solid state and in solution.  
Complex 47, as well as the fluorinated Ru(II) porphyrin complex mentioned previously 
(45d)73, were taken on, and the authors showed that the P-H bond functionalization of the 










































Scheme 13. Substituted Ru and Os porphyrin complexes bearing secondary phosphines.   
  
 
deprotonation/alkylation or hydrophosphination in the presence of a base.  With this 
chemistry, ruthenium phthalocyanine complexes of a variety of tertiary phosphines 
bearing alkoxycarbonyl, cyano, ketyl, alkoxyphosphonyl, sulfonyl, alkene, alkyne, and 
allene functional groups can be prepared (48a-h).  The P-H bond functionalization of the 
Fe(II) complexes was not investigated due to their extreme air sensitivity.   
 Forder and Reid prepared complexes with PPh2H of the type [MBr2(PPh2H)4] 51 
(M = Ru or Os) and [OsBr2(Pcy2H)4] 52 using RuBr3 or [OsBr6]2-, obtaining the trans-
dibromide structure (confirmed by single crystal X-ray diffraction for [OsBr2(PPh2H)4]) 
except for [RuBr2(PPh2H)4], where both cis and trans forms are seen by 31P NMR 
spectroscopy.  Electrochemical measurements were performed on these complexes and 
found that all of the complexes exhibit reversible MII/III redox couples.  This study 
confirmed that the P-H bond remains intact on the cyclic voltammetry time scale, even on 








































































































Scheme 14.  Substituted Fe porphyrin and Ru phalocyanine secondary phosphine 
complexes.   
 
  
 Fe(II) piano-stool complexes have been used as a method for generating 
coordinated chiral secondary phosphines as well as alkylation of those complexes to yield 
chiral tertiary phosphine complexes.76  Coordination of phenylphosphine to (R*,R*)-(±)-
(η5-cyclopentadienyl)[1,2-phenylenebis(methylphenylphosphine)]iron(II) yields complex 
53, which can react with methyl iodide in the presence of KOtBu to produce unequal 
mixtures of diastereomers of the chiral secondary phosphine complex 54 (Scheme 15).  
Pure diastereomeric methylphenylphosphine complexes can be deprotonated at -95 °C to 
yield a highly reactive phosphide, which can be either be reprotonated or alkylated 
diastereoselectively at -95 °C.  If the reaction is warmed up, the reactions give 
thermodynamic mixtures of chiral tertiary phosphine iron(II) complexes because of the 















































































































Fe(II)76 and 11.5 kcal/mol for Ru(II)77, calculated by dynamic NMR methods).   
 
Scheme 15. Deprotonation and alkylation of an Fe-piano stool secondary phosphine 
complex.  The complex can interconvert between diasteromers due to the low barrier to 
inversion of metal-bound phosphides.   
 
  
 Hydridotetracarbonylferrates, M+[HFe(CO)4]−, have been found to react with 
tris(amino)phosphines to form iron stabilized secondary bis(amino)phosphines (Scheme 
16).78  Two equivalents of the hydridotetracarbonylferrate 55 are needed to generate one 
equivalent of the secondary phosphine complex 56 and one iron tetracarbonyl salt.  The 
reaction goes through a P-N activation-type mechanism where the hydride transfers to the 













































































Scheme 16. Synthesis of iron carbonyls with secondary bis(amino)phosphines.   
 
  
 A novel route to prepare P-chiral functionalized phosphines was discovered by 
Malisch et al. by using hydrophosphination on cationic primary phosphine complexes to 
yield chiral secondary and tertiary phosphine complexes (Scheme 17).79  The phosphine 
can be liberated from the complex in acetonitrile with 1,2-bis(diphenylphosphino)ethane 
added in, with yields ranging from 56 to 90%.  The diastereoselectivity can be enhanced 
by adding chirality to the cationic iron complex in the form of an ancillary chiral 
phosphine ligand.  This method can be tuned to be a catalytic hydrophosphination.  In 
one example using [η5-C5H5(DIOP)Fe(MeCN)]BF4 (DIOP = 2,3-O-isopropylidene-2,3-
dihydroxy-1,4-bis(diphenylphosphino)butane) 57, a base catalyzed hydrophosphination 
of dimethyl maleate with phenyl phosphine in acetonitrile gives 58 in 97% yield with dr: 
69:31.  This method is a useful way to generate enantiomerically enriched secondary 

























Scheme 17. A diasteroselective base-catalyzed hydrophosphination of dimethyl maleate 
with phenylphosphine using an iron-piano stool complex.  
 
  
 Another system looking to develop methods for enantiomeric synthesis of P-chiral 
phosphines investigated an assortment of five-coordinate Ru(II) catalysts. 80,81  Although 
these studies did not look exclusively at complexes bearing secondary phosphines as 
catalysts, many complexes of this type were prepared in order to study the mechanism of 
stereochemical enrichment and optimal base conditions for formation of the phosphide 
intermediate.   
 A Ru(II) half-sandwich complex [Ru(η5-indenyl)Cl(PtBu(Ph)H)(PPh3)] 60 was 
prepared from [Ru(η5-indenyl)Cl(PPh3)2] 59 as a mixture of diastereomers due to the 
chirality of the P(But)(Ph)H ligand (Scheme 18).82  The two diastereomers are formed in 
a 60:40 ratio but eventually forms all of 60a, indicating that the two diastereomers are in 
equilibrium and 60a is the more thermodynamically stable product.  This complex holds 

















Scheme 18. Synthesis of a Ru-indenyl complex as a mixture of stereoisomers.   
 
  
 One group attempted to incorporate secondary phosphines into the first-generation 
Grubbs catalyst (GI) (Scheme 19).83  Reaction of GI with dicyclohexylphosphine and di-
tert-butylphosphine to prepare 61a and 61b, respectively, was examined but 61a readily 
decomposed and 61b was low yielding, most likely due to steric crowding.  Instead, a 
modified Grubbs catalyst bearing PPh3 instead of PCy3 was prepared with the same 
secondary phosphine ligands.  The use of dicyclohexylphosphine 62a also decomposed 
rapidly, but di-tert-butylphosphine 62b does react to replace one of the PPh3 ligands to 
form the corresponding cis complex.  This complex does act as a moderate ring-closing 
metathesis (RCM) catalyst, probably due to the cis-arrangement of the chlorides (Scheme 
20).  Additionally, addition of pyridine showed selective displacement of the secondary 
phosphine over triphenylphosphine,  
 
Scheme 19. Ring-closing metathesis using a modified Grubbs catalyst bearing a 



































40 °C, 10 h
62b
 23 
 A series of mono-, bis-, and tetrakis-(phosphine) Ru(II) complexes (63-65) were 
prepared by Paris and coworkers. The group used ferrocene-based phosphines, both 
primary and secondary phosphines, as ligands on their scaffold (Scheme 20).84,85 
 
Scheme 20. Example of mono-, bis-, and tetrakis-Ru secondary phosphine complexes.   
 
   
1.4.4. Group 9 Transition Metals 
 Some studies have looked at the reaction of secondary phosphines with di- and tri-
cobalt carbonyl complexes.  In one example, the trinuclear cobalt complex [Co3(µ3-
CR)(CO)9] (66a, R=Me or 66b, R=CO2Me) reacts with diphenylphosphine to give 
[Co3(µ3-CR)(CO)8(PPh2H)] 67a-b after workup on silica in low to moderate yields 
(R=Me, 22%, R=CO2Me, 56%) (Scheme 21).  Additionally, [Co3(µ3-CR)(CO)7(PPh2H)2] 
68a-b and [Co3(µ3-CR)(µ-Ph2POPh2)(CO)6(PPh2H)] 69a were isolated and characterized 
with mass spectrometry, IR, 1H, 31P, 13C NMR spectroscopy.  Bubbling CO gas through a 






































Scheme 21. Trinuclear cobalt complexes containing secondary phosphines.  
 
  
 Rh(III) complexes bearing PPh2H and PCy2H were prepared by Reid et al. of the 
form trans-[RhCl2(PR2H)4]Cl 70a-b.  After attempting to grow crystals of trans-
[RhCl2(PPh2H)4]Cl, the crystals obtained showed that the secondary phosphines easily 
oxidized and the complex dimerizes to form [(PPh2OH)(PPh2O)Cl(NCMe)Rh(µ-
Cl)2Rh(PPh2OH)(PPh2O)Cl(NCMe)] 71 in MeCN/THF and [(PPh2OH)2(PPh2O)Rh(µ-
Cl3)Rh(PPh2OH)(PPh2O)2] 72 in ethanol (Scheme 22).87  Other Rh(III) complexes have 
also been prepared with nitrite and nitro groups.88 
 



























































































 An interesting chiral secondary phosphine ligand (β-CgPH 73, Scheme 23) based 
on an adamantane scaffold was coordinated to [Rh(cod)2]BF4 (cod=1,5-cyclooctadiene) 
74 and used as a catalyst for asymmetric hydrogenation of dehydroamino acid 
derivatives.89,90  During the catalysis, the group found that the Rh-P bond rotation is slow 
enough to observe rotamers using NMR spectroscopy at room temperature, indicating 
that the Rh-P bond rotation is restricted for this monodentate phosphine complex, and 
perhaps restricted bond rotation is necessary for enantioselectivity in other monodentate 
phosphine complexes.90   
 
Scheme 23. Rh(I) complex bearing adamantane-based secondary phosphines and the two 





1.4.5. Group 10 Transition Metals 
 Secondary phosphine complexes incorporating group 10 metals is among the most 
studied groups of complexes.  Some of the pioneering work in this areas was performed 
by Issleib and Hayter in the 1960’s, looking at various R2PH (R=Et, Cy, Ph) coordinated 




















initial scientific thrust for the coordination of secondary phosphines.   
 In 1977, DelDonno and Rosen published the seminal paper regarding a template 
synthesis of a tetraphosphine macrocycle.96  This synthetic route utilized a mixed 
tertiary/secondary phosphine ligand and Ni(II) as the template ion.  The ligand was 
coordinated to Ni(II) in a square-planar complex and bridged with o-dibromoxylene in 
the presence of K2CO3 to yield the macrocyclic Ni(II)-phosphine complex 75 (Scheme 
24).  The ligand was liberated from the Ni(II) center using NaCN.  Later studies showed 
that the macrocyclic phosphine ligand acts as a strong field ligand, similar to 
phthalocyanines.97   
 
Scheme 24. Ni-templated synthesis of a tetraphosphorus macrocycle.  
 
  
 A lot of work looking at the preparation of tetraphosphine macrocycles from 
coordinated secondary phosphines on group 10 metals has been performed by the Stelzer 
group.  A similar method to DelDonno and Rosen was used to prepare a 16-membered 
tetraphosphine macrocycle from [Pd(MMPE)2]Cl2 76 (MPPE = 1,2-
bis(methylphosphino)ethane) and two equivalents of o-dichloroxylene to prepare 
complex 77 (Scheme 25).98  This reaction, in contrast to 75, was complete after one hour 




















confirmed by X-ray crystallography.  Additionally, the same template was cyclized with 
cis-2-butene and isobutene linkers to form macrocyclic complexes 78 and 79.  These 
complexes were characterized by NMR spectroscopy and FAB mass spectrometry.  
Interestingly, 1,3-dichloropropane and 1,4-dichlorobutane did not react under the same 
reaction conditions.   
 
Scheme 25. Stelzer’s method toward Pd-tetraphosphine macrocyclic complexes. 
 
  
 The Stelzer group also synthesized hydroxyl-functionalized tetraphosphorus 
macrocycles by reacting [M(MMPE)2]2+ (M = Ni or Pd) templates with α-ω dicarbonyl 
linkers to prepare 14-membered macrocycles with hydroxy groups in the backbone 





















































both reacted with the template to give the macrocycles 80a-c in high yields.  Macrocycles 
with vicinal hydroxyl groups were also prepared using[M(MMPP)2]2+ and 2,3-
butanedione or benzil as linking agents, 81a-b.  These structures were confirmed by X-
ray crystallography.   
 
Scheme 26. Synthesis of tetraphosphorus macrocyclic complexes with pendant hydroxyl 
groups.   
 
  
 Another method by Stelzer et al. used a 1:1 template synthesis to make 14-, 15-, 
and 16- membered macrocyclic complexes 82a-k by coordinating a secondary bis-
phosphine (MMPE or MMPP) and one α-ω acetal-functionalized bisphosphine around a 
square planar metal (Scheme 27).  Deprotection of the acetal with acid generates the 
carbonyl in situ, which then goes on to react with the secondary phosphine to form the 










































































Scheme 27. A route to tetraphosphorus macrocyclic complexes using acetal chemistry.   
 
  
 A similar method was used using a tridentate phosphine with terminal secondary 
phosphines and a di-vinyl functionalized phosphine.101-103  Coordination of the two 
phosphines and refluxing in dichloromethane yields macrocycles 83a-e in good yields.  
Two of the complexes have P-H bonds that can be further functionalized by 
hydrophosphination with methyl acrylate.   
 
Scheme 28. Dihydrophosphination on Ni-templates to yield tetraphosphine macrocycles.   
 
  
 Another method for preparing tetraphosphine macrocycles was discovered in 1997 
using Pt(II) and Pd(II) with two equivalents of MMPE.  The resulting square planar 
complexes were then cyclized with 1,3-dibromopropane in the presence of K2HPO4 as 

















M = Ni, Pd, Pt
R = H, Me


























R = H, Me













Pt(II): 10% yield) (Scheme 29).  The macrocyclic complexes were confirmed by single 
crystal X-ray diffraction.104   
 
Scheme 29. Mizuta’s method to prepare Pt and Pd macrocyclic complexes.   
 
 
 In 1993, Leoni synthesized the first mononuclear Pd(0) complex bearing only 
secondary phosphines as ligands.105,106  Previously it was shown that Pd(η5-Cp)(η3-allyl) 
reacts with PtBu2H to form the Pd(I) dimer [Pd(µ-PtBu2)(PtBu2H)]2 (85).107 The same 
precursor reacts with excess PtBu2H to give Pd(PtBu2H)3 (86).  This electron-rich 
complex can oxidatively add C-Cl bonds from dichloromethane and chloroform to give 
trans-[PdCl(CH2Cl)(PtBu2H)2] 87 and trans-[PdCl(CHCl2)(PtBu2H)2] 88, respectively.  
The corresponding homoleptic Pt(0) complex was also prepared in the same fashion as 
86.106   
 The same group used similar Pd secondary phosphine dimers to synthesize the first 
example of an “agostic” M-H-P bond108 (89, Figure 4) and investigate coordination vs. 
insertion reactivity with ethylene and isoprene,109 and CO.110  Palladium complexes 
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Scheme 30.  The first mononuclear, homoleptic Pd-secondary phosphine complex and 
some of its reactions.   
 
   
Figure 5. A Pd dimer that exhibited the first “agostic” M-H-P bond. 
 
 Coordination of secondary phosphines to Pd(II) and Pt(II) was extended to 
complexes bearing dicyclohexylphosphine to form [MCl(PCy2H)3]X, 90, (M = Pt, Pd, X 
= Cl, BF4-, PF6-).112  The same ligand reacting with NiCl2!6H2O forms the bis-secondary 
phosphine complex [NiCl2(PCy2H)2], 91.113  From this work, the results found that the P-
H bond in these complexes is stronger than that for coordinated PPh2H.92,114-117  The cis 
isomer is exclusively formed in CH2Cl2 while the trans isomer is favored in benzene.   
 Palladium and platinum complexes with two secondary phosphine ligands have also 

































been prepared.  Examples include cis-[Pt(C6F5)2(PPh2H)2]55, 92, and [Pd(HPPh2)2Cl2], 93 
(which can be converted to [Pd(HPPh2)4] with excess ligand in EtOH).118   
 Dimesitylphosphine (94) has also been used as a ligand with palladium and 
platinum to make a variety of cis- and trans-complexes 95a-g with various other pendant 
groups (Table 2).119  Dimesitylphosphine has a similar cone angle to triphenylphosphine 
(149° vs. 145°, respectively), and was found to act similarly to diphenylphosphine in 
terms of both sterics and electronics.  Interestingly, complexes 95a-g exhibited restricted 
rotation about the Pt-P and P-C(Mes) bonds, studied by variable temperature dynamic 
NMR spectroscopy.   
 
Table 2. Reactivity of dimesitylphosphine with assorted Pt(II) and Pd(II) precursors.  
 
Entry Starting Material Product 
95a Pd(tmeda)Me2 cis-Pd(L2)Me2 










95d Pt(cod)Cl2 cis-PtL2Cl2 
95e cis-PtL2Cl2 + PPh3 cis-Pt(L)(PPh3)Cl2 
95f Pt(cod)MeCl cis-Pt(L)2(Me)(Cl) 
95g Pt(cod)(Et)(I) cis-Pt(L)2(Et)(Cl) to trans-Pt(L)2(Et)(Cl)* 
* The cis- complex is formed, but the isomerizes in solution to the trans- isomer.   
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 Leoni and coworkers synthesized many dinuclear109,110,120-126 and trinuclear Pt 
complexes that contain intact coordinated secondary phosphines.  In one example, 
complexes of the form [Pt2(µ-PtBu2)2(PtBu2H)(L)] (L = PtBu2R (R = H, Li, n-heptyl), 
CO, η2-CS2) were prepared (96-99) (Scheme 31).127  These complexes are very sterically 
congested and even slightly expanding the cone angle of the terminal phosphine has 
considerable effect on the Pt-P bond rotation.  The terminal secondary phosphines can be 
lithiated and alkylated with n-heptyl bromide to give a terminal tertiary phosphine.  
Interestingly, the complex is inert to substitution by smaller cone angle phosphines, 
though carbonylation can take place, which allows CS2 to add to the complex.   
 
Scheme 31. Alkylation and substitution reactions of a Pt-dimer with terminal secondary 
phosphines.   
 
  
 A mixed tertiary/secondary polyphosphine 100 was prepared by Green and Meek 
with the secondary phosphorus atom containing a phenyl group while the tertiary 
phosphine had two p-CF3C6H4 substituents (Figure 6).  The ligand coordinates to 
Pt(cod)Cl2 (cod = 1,4-cyclooctadiene) to form complex 101, indicated by the Pt satellites 



















































to complexes that do not have the electron-withdrawing CF3 groups, it was found that the 
CF3 group does not impart much more electron withdrawing nature to the ligand.128   
 
 
Figure 6. A bidentate tertiary/secondary phosphine used for Pt complex 101.   
 
 Coordination to Pd(II) has also been used as a method of resolution of chiral 
secondary phosphines, with varying amounts of success.  The complex [S-
[(R*,R*),(R*)]]-(+)589-[PtCl{1,2-C6H4(PMePh)2}(PHMePh)]PF6 102 has been made and 
crystallized, but the resolved phosphine could not be displaced from the complex.129  
Albert et al. reacted methylphenylphosphine and benzylphenylphosphine with 
enantiomerically pure cyclopalladated dimers with pendant amines to give the 
mononuclear species 103a and 103b as a 1:1 mixture of diastereomers (Scheme 32).130,131 
The authors were able to separate the diastereomers by column chromatography.  The 
optically pure phosphine could be released from the complex by addition of 1,2-
bis(diphenylphosphino)ethane (dppe), though significant racemization of the free 
phosphine was observed after 3 hours in solution for benzylphenylphosphine, and in less 



















Scheme 32. A method of chiral phosphine resolution using Pd dimers.   
 
 A variety of alkyl and aryl-secondary phosphine complexes of the formula cis-
[PtR2(PHR’2)2] (R = Me, Ph, C6H4-p-CF3, C6F5; R’ = i-Bu, t-Bu, Ph) 104a-k were 
prepared in good yields and characterized with NMR spectroscopy (and in some cases, 
single crystal X-ray diffraction) in order to prepare metallopolymers (Scheme 33).132 
These complexes were heated in a pressure-resistant NMR tube and found the formation 
of methane and coupling of two aryl ligands, forming multinuclear complexes with 
bridging phosphides.    
 
Scheme 33.  Various Pt(II)-secondary phosphine complexes and their reactivity toward 
















































































1.4.6. Group 11 Transition Metals 
 Gold complexes bearing secondary phosphines have generated some attraction as 
potentially useful complexes in medicine.  In 1989, Dyson et al. prepared gold(I) 
complexes containing secondary phosphines in order to prepare AuPR2 (where PR2 is a 
phosphide) complexes from secondary phosphines.133  It had been previously seen that 
addition of a thiol to [AuCl(tdg)] (tdg = thiodiglycol), will eliminate HCl and create the 
gold thiolate complex.134  When investigating this reactivity with secondary phosphines, 
it was found that non-polar solvents will favor the [AuX(PPh2H2)n] 105a-c ( n = 1, 2, 4) 
structure instead of the phosphide polymer.  Addition of base forms the polymeric 
phosphide as expected.   
A variety of dinuclear gold(I) complexes were prepared with various bulky bis-
secondary phosphines from [Au(tht)Cl] (tht = tetrahydrothiophene) to give [(AuCl)(µ-
HPI∼PHI)] 106a-d as mixtures of diastereomers (Scheme 34).135  These complexes were 
deprotonated to yield the phosphides, which formed a tetramer in the solid state for 106a.  
 
Scheme 34. Preparation of Au(I) complexes bearing bis(secondary)phosphines.   
 
 
 The first Au(III) complex bearing a secondary phosphine was prepared in 1998 by 
Blanco and coworkers.  Addition of PPh2H to [AuR3(tht)] (R = C6F5, tht) yielded the 

































and reacted with the other coinage metals to create mixed metal phosphide complexes 
108a-f (Scheme 35).136   
 
Scheme 35. Synthesis of trinuclear mixed metal phosphide complexes from Au-
secondary phosphine complexes.   
 
  
 Copper(I) has been used as a template ion for the synthesis of tetraphosphine 
macrocycles.137  The bis-bidentate secondary phosphine 1,2-bis(phenylphosphino)ethane 
(MPPE) was used to prepare Cu(MPPE)2OTf 109 as a reactive template for 
macrocyclization.  Addition of either 1,3-dibromopropane or o-dibromoxylene in the 
presence of K2CO3 in ethanol leads to the desired macrocyclic complexes 110a and 110b, 
respectively (Scheme 36).  These complexes can be demetallated using basified H2S gas 
in air to yield the phosphine oxides 111a-b.  
 Copper(I) can also be used as a catalyst in the alkylation of diphenylphosphine, 
with potential application in stereoselective alkylation catalysis.138  This type of 
asymmetric catalysis was pioneered using Pt(II) for the preparation of various chiral 
bidentate ligands, but work toward a cheaper metal spurred the copper research.139-144  
The catalysts were effective at alkylating diphenylphosphine with various electrophiles.  
































Scheme 36.  Template synthesis of tetraphosphine macrocycles on Cu(I).  
 
  
phosphine to generate a phosphide intermediate, which then performs nucleophilic attack 
on the substrate, followed by ligand substitution by diphenylphosphine.  To investigate 
this, many Cu(I) complexes bearing secondary phosphines were prepared.  The study 
found that indeed the secondary phosphine complexes do go through a phosphide 
intermediate that reacts with electrophiles.  This was also studied with DFT calculations, 
which showed that the HOMO of the phosphide complex still mostly resides on 
phosphorus, indicating that the nucleophilic moiety is indeed the phosphorus atom.  This 
chemistry was also used to prepare novel quinoxaline-based bidentate phosphine 
ligands.145 
 
1.4.7. Other Metals 
 Some limited work has been done using Sn(IV) with secondary phosphines.  
Complexes of the formula [R2SnCl2(PR’2H)2] (R = Ph, Me; R’ = Ph, Cy) were prepared 
by addition of an equimolar amount of secondary phosphine to R2SnCl2 but not isolated.  
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were taken on to prepare phosphide complexes by deprotonation with base.146  
 
Scheme 37. Proposed mechanism for stereoselective alkylation of secondary phosphines 




 The use of secondary phosphines as ligands on transition metal complexes dates 
back to the 1960’s.  The primary use of these sorts of complexes is as precursors to 
metal-phosphide complexes, due to their ease of deprotonation when coordinated to a 
metal.  A few complexes have been made bearing secondary phosphines whose intended 
use is as a catalyst in homogeneous catalysis methods, but these are few and far between.  
There are also complexes that use secondary phosphines as intermediates toward trying to 
make asymmetric tertiary phosphines stereoselectively.  In general, secondary phosphines 
on metals are likely too reactive to be used in complexes made to be robust for catalysis.   
 One major niche use for coordinated secondary phosphines is toward macrocyclic 
phosphine ligands.  Using a metal as a template and an activator of the secondary 






















phosphine macrocycles in what seems a relatively slow to progress research area.  The 
major advances in the field have stemmed from the reactivity of secondary phosphines to 
make P-C bonds to close the macrocycles through hydrophosphination and alkylation 
reactions.  Overall, the field of coordinated secondary phosphines continues to grow and 
much is still to learn about how else the chemistry of these compounds can be used to 




 Chapter I described the various synthetic methods for preparing secondary 
phosphines.  This review also looks at the coordination chemistry and reactivity of these 
secondary phosphine complexes.  Chapter II will detail the synthesis of bidentate 
secondary phosphines templated to copper(I) and their uses toward preparing 
tetraphosphine macrocycles.   
 This dissertation includes previously published and unpublished co-authored 
material.  Chapter II contains experimental work performed by Charles D. Swor (CDS) 
and Aditya Nathan (AN), as well as some computational work and crystal growth 
performed by E. Adrian Henle.  Parts of Chapter III contains experimental work by CDS, 
and have previously been published in Nell, B. P., Swor, C. D.; Zakharov, L. N.; Tyler, 
D. R. Polyhedron 2012, 45, 30-34.  Parts of Chapter IV contains experimental work 
performed by AN, and have been prepared for Nell, B. P.; Nathan, A.; Tyler, D. R.; 
manuscript in preparation.  In addition, CDS and AN performed some experimental 
work in Chapter V, and the crystal structures were solved by Lev N. Zakharov.  The 
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crystal described in Appendix E was grown by CDS.  The work completed in Appendix 
G was completed by Susan R. Cooper during a rotation in the Tyler lab.  
  
CHAPTER II
ANALYSIS OF MACROCYCLIZATION OF Cu(P2)2+ (P2=A BIDENTATE 
SECONDARY PHOSPHINE) COMPLEXES: TOWARD IRON(II) 
COMPLEXES BEARING WATER-SOLUBLE MACROCYCLIC 
PHOSPHINES
Some of the experimental work done in this chapter was carried out by Charles D. Swor, 
and Aditya Nathan.  Computation work and crystal growth was completed by E. Adrian 
Henle.  Crystal structures were solved by Lev N. Zakarov.  A portion of the work was 
written by Charles D. Swor. 
2.1. Introduction
The ability of selected iron-phosphine complexes to bind N2 makes these 
complexes promising candidates for use in schemes designed to separate N2 from N2-
contaminated natural gas streams.1-31–3  Natural gas (primarily methane) accounted for 
27% of the United States’ energy consumption in 2012.4  Additionally, methane is the 
primary source for dihydrogen (H2, made from steam reformation of methane), an 
important chemical feedstock and potential energy source in the future.  Unfortunately, 
almost 15% of the United States’ natural gas reserves are contaminated with high levels 
of dinitrogen (N2).  Dinitrogen acts as a dilutant in natural gas, lowering the energy 
density (energy output per unit volume), limiting the gas’s use as a fuel.  Industrially, the 
maximum allowed N2 content for natural gas in the pipeline is 4%; some natural gas 
deposits can be made up of upwards of 86% N2.  The residual N2 in natural gas poses a 
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problem from a purification standpoint; N2 and methane are difficult to separate because 
of dinitrogen’s chemical inertness, and the fact that both methane and dinitrogen have 
very similar physical properties.  
 Industrially, nitrogen rejection (the process of removing nitrogen from natural 
gas) uses the slight difference in the boiling points of methane and dinitrogen (112 K vs. 
77 K, respectively), in the process of cryogenic distillation.  This technique is very 
energy-intensive and requires large capital costs, making it only economically feasible for 
large gas fields.  
 The Tyler lab’s approach to this problem is utilize dinitrogen’s ability to act as a 
ligand on transition metals.  Our laboratory previously showed5 that complexes of the 
type trans-Fe(P2)2X2 (where P2 is a water-soluble bidentate phosphine) can act as 
“absorbents” in aqueous solution for separating N2 from methane in a pressure-swing 
scheme (Scheme 1).  However, in prolonged tests of the trans-Fe(DMeOPrPE)2X2 
complex (DMeOPrPE = 1,2-bis[(dimethoxypropyl)phosphino]ethane, Scheme 2) in a 
pressure swing process over a continuous six-week period, the absorbent slowly became 
less and less effective until it eventually failed.  
Scheme 1.  Solution phase pressure swing process for separating N2 from methane.





 Our subsequent investigation of the failure showed that the phosphine ligands 
slowly dissociated from the complex, with the eventual formation of Fe(DMeOPrPE)32+ 
(Scheme 2), which has no open coordination sites available for nitrogen coordination.5,6  
To obtain absorbent complexes that are more robust, we decided to replace the two 
bidentate ligands with a tetradentate phosphine macrocycle ligand.  This feature should 
result in very slow dissociation rates of the phosphine ligand from its complex because of 
the kinetic macrocycle effect.7 
 Most macrocyclic phosphines have been prepared using a metal ion as a template.  
Our initial investigation for macrocyclization focused on using Fe(II) as a template metal, 
but previous results showed that Fe(II) was not an ideal metal ion, either because of a 
lack of electron density and/or the multiple geometries available for an octahedral metal 
(See Chapter V).  Consequently, our research efforts focused on using a different metal 
ion as a template metal, using two bis-secondary phosphines that can be linked with 
various electrophiles to generate the desired macrocyclic product (Scheme 3).  We 
focused our research efforts on using copper.
   Cu(I) is a d10 metal, so it is electron-rich and has a preferred tetrahedral 
geometry about the metal center.  This method of using copper has been used previously 
using Cu(I) and 1,2-bis[(phenyl)phosphino]ethane (MPPE) and bridging with 1,3-
dibromopropane.8  This chapter will describe efforts to prepare phosphine macrocycles 
using the same template strategy using other secondary bis-phosphines as well as novel 
secondary bis-phosphines bearing water-solublizing methoxypropyl groups. 
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B- = a base
+ 4 M+X-
2.2. Experimental
2.2.1. Materials and Reagents
Unless otherwise noted, all experimental procedures were performed under an 
inert (N2) atmosphere, using standard Schlenk and glovebox techniques.  Commercially 
available reagents were used as received.  HPLC-grade THF was dried and deoxygenated 
by passing through commercial columns of CuO, followed by alumina under an argon 
atmosphere.  Deuterated solvents were obtained from Cambridge Isotope Laboratories 
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and degassed using three freeze-pump-thaw cycles.  [Fe(CH3CN)2](OTf)29 and 98 were 
synthesized according to literature methods.  [Cu(CH3CN)4]OTf was prepared from a 
modified procedure.10
2.2.2. Instrumentation   
Air-sensitive NMR samples were sealed in N2 filled J-Young tubes.  NMR spectra 
were obtained on either a Varian Unity/Inova 300 spectrometer at an operating frequency 
of 299.94 (1H) and 121.42 (31P) or a Varian Unity/Inova 500 spectrometer operating at a 
frequency of 500.62 MHz (1H) or 202.45 MHz (31P).  The 1H and 13C NMR spectra were 
referenced to residual solvent peaks, and the 31P NMR spectra were referenced to external 
1% H3PO4 in D2O.  ESI mass spectra were obtained using a Thermo Finnigan LCQ Deca 
XP Plus ESI Mass Spectrometer using THF or CH3CN as the solvent.  Infrared spectra 
were recorded using a Thermo-Scientific Nicolet 6700 FT-IR spectrometer.  UV-Vis 
spectra were collected on an Agilent 8453 spectrophotometer.  Elemental analyses were 
performed by Complete Analysis Laboratories, Inc., Parsippany, NJ.  Computations were 
completed using Gaussian 09, with a RHF 6-31G(d) basis set.  
2.2.3. Methods
Synthesis of 1,2-bis(methoxypropylphosphino)ethane (1, MeOPrPE).  To a 
solution of 1,2-bis(phosphino)ethane (2.26 g, 24.0 mmol) in hexane at -78 °C was added 
n-BuLi (1.6M in hexanes, 30.0 mL, 48.0 mmol) dropwise.  The color of the solution 
turned bright yellow.  This solution was stirred cold for one hour followed by the 
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dropwise addition of 1-chloro-3-methoxypropane (5.50 g, 50.6 mmol) in hexane.  The 
solution was slowly warmed to room temperature over which time the yellow color faded 
and precipitate formed.  The reaction mixture was stirred at room temperature for one 
hour, filtered, and the solvent removed to yield a clear oil.  The oil was distilled at 85-90 
°C @ 0.35 mmHg to yield the pure product.  Yield: 5.02 g (88%). 31P NMR (CDCl3): δ 
-59.5 (d, JP-H = 202 Hz). 1H NMR (CDCl3): δ 1.3-1.9 (m, 12H), 3.19 (d, 2H, PH), 3.34 (s, 
6H, OCH3), 3.52 (t, 4H, CH2OCH3) 13C{1H} NMR (CDCl3): δ 16.6, 19.1, 28.3, 58.6, 
73.0. Anal. Calcd for C10H24O2P2: C, 50.41; H, 10.15; P, 26.00.  Found: C, 50.36; H, 
10.09; P, 25.87.
 Synthesis of 1,3-bis(methoxypropylphosphino)propane (2, MeOPrPP).  This 
synthesis was carried out in the same fashion as 1, using 1,3-bis(phosphino)propane (2.12 
g, 19.6 mmol).  The oil was sufficiently pure without distillation.  Yield:  4.95 g (80%).  
31P NMR (CDCl3):  δ –69.9 (d, JP-H = 202 Hz). 1H NMR (CDCl3): δ 1.4-2.0 (m, 14H), 
3.13 (d, 2H, PH), 3.35 (s, 6H, OCH3), 3.42 (t, 4H, CH2OCH3) 13C{1H} NMR (CDCl3): δ 
16.7, 21.8, 27.1, 28.4, 58.6, 73.2. Anal. Calcd for C11H26O2P2: C, 52.37; H, 10.39; P, 
24.56.  Found: C, 52.25; H, 10.55; P, 24.48.
[Cu(MeOPrPE)2]PF6 (3).  A CH3CN solution of 1 (0.0190 g, 0.080 mmol) was 
added to Cu(CH3CN)4PF6 (0.0148 g, 0.040 mmol). The reaction mixture was stirred for 1 
hour at RT after which the solvent was removed under reduced pressure.  Yield: 0.0253 g 
(93.0%) of an off-white viscous oil. 31P{1H} NMR (THF): δ -41.1 (br). ESI-MS: 539 amu 
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(m+). Anal. Calcd for C20H48F6CuO4P5: C, 35.07; H, 7.06; P, 22.61.  Found: C, 34.98; H, 
7.13; P, 22.49.
[Cu(MeOPrPP)2]OTf (4).  A CH3CN solution of 2 (0.0698 g, 0.277 mmol, 1.92 
equiv) was added to a CH3CN solution of Cu(CH3CN)4OTf (0.0542 g, 0.144 mmol, 1 
equiv) and stirred for 1 hour.  The solvent was removed under reduced pressure to yield 
an off-white viscous oil. 31P{1H} NMR (THF): δ -50.5 (br). ESI-MS: 567 amu (m+). 
Anal. Calcd for C23H52F3CuO7P4S: C, 38.52; H, 7.31; P, 17.28.  Found: C, 38.46; H, 7.28; 
P, 17.04.
[Cu(MPPE)2]PF6 (5).  This complex was prepared in a manner similar to 3 using 
MPPE (0.0211 g, 0.086 mmol) and Cu(CH3CN)4PF6 (0.0170 g, 0.046 mmol). Yield: 
0.0281 g (97.3 %) of a white granular solid. 31P{1H} NMR (THF): δ -31 (br). ESI-MS: 
555 amu (m+). Anal. Calcd for C28H32CuF6P5: C, 47.98; H, 4.60; P, 22.09.  Found: C, 
47.95; H, 4.67; P, 22.01.  The analogous triflate complex was also prepared, using 
Cu(CH3CN)4OTf instead of Cu(CH3CN)4OTf.  The spectroscopic data was identical.  
[Cu(MPPP)2]OTf (6).  This complex was prepared in a manner similar to 4, 
using MPPP (0.3830 g, 1.47 mmol) and Cu(CH3CN)4OTf (0.2782 g, 0.74 mmol). Yield: 
0.5177 g (95.9%) of a white granular solid. 31P{1H} NMR (THF): δ -42.1 (br). ESI-MS: 
583 amu (m+). Anal. Calcd for C31H36F3CuO3P4S: C, 50.79; H, 4.95; P, 16.90.  Found: C, 
50.76; H, 4.81; P, 16.77.
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General method for macrocyclization with K2CO3.  Cu(P2)2X (X = OTf or PF6) 
was dissolved in THF and excess K2CO3 was added in one portion.  The solution 
immediately turned bright yellow and was stirred at room temperature for 10 minutes.  
After stirring, the desired dihalide (two equivalents) was diluted in THF was added 
dropwise.  The reaction mixture was stirred overnight, during which the reaction became 
lighter yellow with white precipitate.  The reaction was filtered over celite and the solvent 
removed in vacuo.  The remaining yellow residue was redissolved in dichloromethane 
and filtered again over celite.  Removal of the solvent yielded the product was a yellow 
powder. 
[Cu(MeOPrPE)-P4-DBP]OTf (7).  This complex was prepared following the 
general method above, using [Cu(MeOPrPE)2]PF6 (0.1550 g, 0.227 mmol) and 1,3-
dibromopropane (0.990 g, 0.490 mmol). Yield: 0.973 g (56 %) 31P{1H} NMR (CDCl3): δ 
-2 ppm (br). ESI-MS: 619 amu (m+). 
[Cu(MeOPrPP)-P4-DBP]OTf (8).  This complex was prepared following the 
general method above, using [Cu(MeOPrPP)2]PF6 (0.251 g, 0.352 mmol) and 1,3-
dibromopropane (0.149 g, 0.738 mmol). Yield: 0.1661 g (56 %). ESI-MS: 647 amu (m+).
[Cu(MPPP)-P4-DBP]OTf (10).  This complex was prepared following the general 
method above, using [Cu(MPPP)2]OTf (0.3010 g, 0.334 mmol) and 1,3-dibromopropane 
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(0.139 g, 0.688 mmol). Yield: 0.2140 g (65 %) 31P{1H} NMR (CDCl3): δ -15 ppm (br). 
ESI-MS: 663 amu (m+).
[Cu(MPPE)-P4-DBB]OTf (11).  This complex was prepared following the general 
method above, using [Cu(MPPE)2]OTf (03044. g, 0.432 mmol) and 1,4-dibromobutane 
(0.104 mL, 0.871 mmol). Yield: 0.2747 g (95.8 %)  31P{1H} NMR (CDCl3): δ 5.83 (br). 
ESI-MS: 663 amu (m+).  Anal. Calcd for  C37H44CuF3O3P4S: C, 54.6; H, 5.45.  Found: C, 
48.86; H, 4.92.  This rather poor elemental analysis is likely due to residual KBr left over 
from the reaction.  Anal. Calcd for  C37H44CuF3O3P4S•0.8 KBr: C, 48.92; H, 4.88.
 General method for macrocyclization with KOtBu.  Cu(P2)2X (X = OTf or PF6) 
was dissolved in THF and 4 equivalents of KOtBu was added in one portion.  The 
solution immediately turned bright yellow and was stirred at room temperature for 10 
minutes.  After stirring, the desired dihalide (two equivalents) was diluted in THF was 
added dropwise.  The reaction mixture was stirred and became cloudy and lighter yellow 
after a few minutes.  The reaction was stirred for at least four hours.  The reaction was 
filtered over celite and the solvent removed in vacuo.  The remaining yellow residue was 
redissolved in dichloromethane and filtered again over celite.  Removal of the solvent 
yielded the product was a yellow powder.  
[Cu(MPPP)-P4-DBB]OTf (12).  This complex was prepared following the general 
method above for KOtBu, using [Cu(MPPP)2]OTf (0.0535 g, 0.073 mmol), KOtBu 
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(0.0319 g, 0.284 mmol) and 1,4-dibromobutane (0.016 mL, 0.134 mmol). ESI-MS: 691 
amu (m+).  This complex can also be prepared using the general route using K2CO3.  The 
spectroscopic evidence is identical.  
General procedure for demetallation.  In a typical procedure, the Cu-
macrocyclic phosphine complex was dissolved in CH2Cl2 (3-5 mL) and stirred vigorously  
at room temperature with an aqueous solution of KCN (2 mL) overnight.  The aqueous 
layer was removed and the organic layer was dried over MgSO4 and filtered through a 
plug of alumina.  The solvent was removed in vacuo to yield a waxy residue that was 
taken on directly to prepare metal complexes or used as a CH2Cl2 solution directly. 
13 (Phosphine from 11):  31P{1H} NMR (CDCl3): δ -20.4 ppm (s). 1H NMR (500 
MHz, CDCl3) δ 8.01 – 7.03 (m, 20H), 2.77 – 0.84 (m, 29H).  FAB-MS: 601 amu [m+H]+.
Synthesis of Co(13)Cl2.  A solution of 13 in THF was added to a suspension of 
CoCl2 in THF.  The solution immediately turns emerald green upon addition of the ligand 
to the metal.  Removal of the solvent yields a green powder.  31P NMR (202 MHz, 
CDCl3) δ 8.68 – -32.76 (m).  ESI-MS: 694 amu [m-Cl]+.  UV-Vis (CH3CN, nm): 681, 
589.
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2.3. Results and Discussion
2.3.1. Synthesis of the Hydrophilic Phosphines 
1,2-bis[(methoxypropyl)phosphino]ethane (1) and 
1,3-bis[(methoxypropyl)phosphino]propane (2)  
 Secondary phosphines are readily prepared by deprotonation and alkylation of 
primary phosphines.  Thus, deprotonation of 1,2-bis(phosphino)ethane with 2 equivalents 
n-butyllithium followed by alkylation with 2 equivalents of methoxypropyl chloride (or 
bromide) in hexane yielded 1 as a viscous oil (Scheme 4). 
Scheme 4.  Synthesis of the hydrophilic secondary phosphines 1 and 2.
PH2H2P n
1) 2 n-BuLi
2) MeOPrX (X=Cl or Br)






1  n = 1  (88%)  
2  n = 2  (80%)
 
 The 31P{1H} NMR spectrum of 1 is a singlet at -60 ppm that, when coupled to 
protons, splits into a doublet (JP-H =199 Hz), indicative of a secondary phosphine.  The 
reaction is not stereospecific and the three expected stereoisomers (R,R(meso); S,R; and 
R,S) were not separated.  The analogous phosphine 1,3-
bis[(methoxypropyl)phosphino]propane (2) was synthesized in the same manner using 
1,3-bis(phosphino)propane.  Phosphine 2 also exhibits a singlet at 64 ppm in the 31P{1H} 
NMR spectrum that splits into a doublet (JP-H=189 Hz) in the proton-coupled spectrum.  
Both 1 and 2 are clear, colorless, viscous oils, and the ambiphilic methoxypropyl 
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functional group causes these compounds to be miscible in a wide range of solvents, from 
water to hexanes.  Over-alkylation at the phosphorus atoms can be prevented by keeping 
the reaction temperature at -78 °C, as indicated by 31P NMR spectroscopy.  Because of 
the extra molecular weight of the methoxypropyl group, the desired product can be 
separated from any under- or over-alkylated products by fractional vacuum distillation.
2.3.2. Synthesis and Characterization of Cu(P2)2+ Complexes  
 In order to synthesize Cu(I) templates with water-soluble phosphines, the 
hydrophilic secondary phosphine ligands 1 and 2 were coordinated to Cu(I) by reaction 
of these ligands with Cu(CH3CN)4X (X = -OTf or -PF6) in CH3CN to form template 
complexes 3 and 4 (Scheme 5).  Coordination of the phosphines was confirmed by 
31P{1H} NMR spectroscopy, where the chemical shifts of the coordinated phosphines 
moved ~20 ppm downfield from the free ligands (-41.1 ppm for 3 vs. -59.5 ppm for free 
1 and -50.5 ppm for 4 vs. -69.6 ppm for 2).  The 31P NMR signals are significantly 
broadened because of coupling with NMR-active, quadrupolar 63Cu and 65Cu nuclei (both 
spin 3/2, 69% and 31% abundance, respectively).11,12  Cu-P coupling can be observed but 
generally only for highly symmetric Cu(PR3)4+ complexes.12-14  In some copper-
phosphine complexes, this broadening can be minimized by obtaining the spectra at high 
temperature,13-15 but the spectra of these complexes do not change between 25 °C and 90 
°C.  The [Cu(P2)2]+structures were supported by ESI-MS analysis (3: m+= 539 amu 
calculated and observed; 4: m+= 567 amu calculated and observed; see Appendix B for 
spectra).
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 Both 3 and 4 were isolated as viscous liquids.  In order to obtain products that 
were solids instead of viscous liquids, complexes of the hydrophobic ligands MPPE and 
MPPP were synthesized, 5 and 6, respectively.  These complexes were also characterized 
by 31P NMR and ESI-MS and were isolated as crystalline solids.  Although previous 
reports8 of such complexes state that they are air-stable, some oxidation of the copper was 
observed when these products were worked up in air, as evidenced by a blue coloration of 
the solutions.  Therefore, these complexes were handled under an inert atmosphere.



















        n              R                X
3      1     CH3O(C3H6)      PF6     
4      2     CH3O(C3H6)      OTf    
5      1     Ph                      PF6 or OTf  
6      2     Ph                      OTf
2.3.3. Macrocyclization of Cu(P2)2+ Complexes 
 Complexes 3-6 reacted with 2 equivalents of 1,3-dibromopropane in the presence 
of K2CO3 in THF to form the membered macrocyclic complexes 7-10, respectively 
(Scheme 6).  Alkylation of the coordinated secondary phosphines was suggested by the 
downfield shifts in the 31P NMR spectra (e.g., -15 ppm vs. -41 ppm for 3).  In general, it 
took complexes 7 and 8 longer to reach completion (2-3 days) whereas complexes 9 and 
10 needed only four hours for complete alkylation.  We hypothesize that the electron 
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withdrawing nature of the phenyl groups make the P-H bond more acidic, and thus 
complex 6 reacts faster with base.  ESI-MS of complexes 7-12 all showed base peaks 
consistent with the masses of the macrocyclic complexes (Table 1), indicating complete 
alkylation with the 1,3-dibromopropane.  The same procedure was carried out using 1,4-
dibromopropane with complexes 5 and 6 to prepare 16- and 18-membered macrocyclic 
complexes 11 and 12, respectively.  


























        n      m              R                  X
7      1      1        CH3O(C3H6)      PF6     
8      2      1        CH3O(C3H6)      OTf    
9      1      1               Ph               PF6 or OTf  
10    2      1               Ph               OTf
11    1      2               Ph               OTf




 If KOtBu is used instead of K2CO3, the reaction progresses much faster and is 
done within minutes, instead of hours or days.  Addition of KOtBu to any of the Cu(P2)2+ 
templates generates a bright yellow solution, indicative of the phosphide in solution.  
After dropwise addition of the bridge, the yellow color fades to a dull yellow color with 
white precipitate (with MPPE and MPPP), or to colorless with white precipitate 
(MeOPrPE and MeOPrPP).  The spectral data obtained from these experiments match 
those obtained when K2CO3 is used as a base.  
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 If too much bridge is added or the reaction is too concentrated, multiple 
alkylations of the bridge are possible.  For example, when complex 6 is alkylated with a 
slight excess of 1,3-dibromopropane or 1,4-dibromobutane, the ESI mass spectrum of the 
products shows the formation of a coordinated open-chain ligand with hanging propyl or 
butyl bromides (Figure 1, see Appendix A for ESI-MS).  More stringent control of the 
stoichiometry of the bridge eliminates this side product from the mass spectrum.  This 
illustrates the importance of the stoichiometry of the macrocyclization reaction.  













      m+
# R n m Formula m/z
7 CH3O(C3H6) 1 1 [C26H56O4P4Cu]+ 619
8 CH3O(C3H6) 2 1 [C28H60O4P4Cu]+ 647
9 Ph 1 1 [C36H44P4Cu]+ 635 8
10 Ph 2 1 [C38H48P4Cu]+ 663
11 Ph 1 2 [C38H48P4Cu]+ 663




















Figure 1. Macrocyclization of 4 with 1,3-dibromopropane.  Double alkylation is an 
observed side-product in ESI-MS (right). 
 
 It should be noted that a potential problem with this synthetic route is the 
possibility of bridging between phosphorus atoms of the same ligand, creating a double-
chelate small ring product (Scheme 7).  However, no example of this reactivity has ever 
been observed.16-18 To definitively determine if the small ring or macrocycle was formed, 
X-ray crystallography of the Cu(I) complex or free ligand is needed.  Alternatively, mass 
spectrometry can be used to determine the mass of the free ligand (mass spectroscopy of 
the Cu(I) complex will give the same mass regardless of whether or not the small ring or 
macrocycle was formed).  An X-ray quality crystal of the 16-membered macrocyclic 
copper(I) complex (10) was obtained by E. Adrian Henle, and analyzed with single 
crystal X-ray diffraction (Figure 2).  The macrocyclic tetraphosphine had a 
stereochemistry of RSRS on copper with a disordered triflate anion. 
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Figure 2. ORTEP drawing of the cation of 10 with thermal ellipsoids drawn at the 50% 
level.  The H-atoms are omitted for clarity.  





















2.3.4. Demetallation with KCN
 In order to examine the conditions of Cu removal, demetallation trials were first 
conducted with [Cu(MPPE)2]PF6 (5).  Dissolving this complex in dichloromethane or 
toluene and stirring with a saturated aqueous KCN solution overnight or heating to 70 °C 
58
for 15 minutes yielded the free ligand in the organic layer (Figure 3), as indicated by 31P 
NMR spectroscopy.17,19 
 This route was then used to demetallate complex 11 to give the free phosphine 13 
as an oily, colorless residue.  The compound displayed a singlet in the 31P{1H} NMR 
spectra at -20.4 ppm.  The general features of the 1H NMR spectrum are broad and do not 
give much structural information, but the disappearance of the P-H protons support the 
fact that full alkylation was achieved.  A FAB mass spectrum of 13 shows the expected 
parent mass plus a proton at 601 m/z and HR-MS gives a formula of  C36H45P4, which 
corresponds to [M+H]+.
Figure 3.  Top: 31P NMR spectrum of [Cu(MPPE)2]PF6 (5).  Bottom:  31P NMR spectrum 
of [Cu(MPPE)2]PF6 after reaction with KCN.  The doublet (JP-H = 210 Hz)* corresponds 
to the free MPPE ligand. 




















* JP-H = 210 Hz from authentic MPPE sample
2.3.5. 31P-DOSY Trials
 In addition to mass spectra, 31P diffusion ordered spectroscopy (DOSY) was 
investigated as a method to differentiate between a small ring and macrocyclic product 
based on their diffusion rate through solution.  Recently, a method of using DOSY to 
analyze a variety of phosphine compounds using 31P NMR spectroscopy was developed.
20,21  A method for using DOSY to differentiate sizes of macrocycles has been established 
in conjunction with the CAMCOR NMR facility at University of Oregon and the 
University of Oregon Chemistry Department.  The method has been developed on a 600 
MHz NMR spectrometer equipped with a multichannel cryoprobe, capable of ultra-
sensitive detection and enhanced signal/noise ratios.  
 We are interested in measuring the diffusion coefficients of a variety of 
phosphorus containing molecules in order to gain information about the relative 
size of unknown molecules.  In this regard, we have altered existing pulse 
sequences within the Bruker TopSpin 3.2 software for 31P DOSY tests 
(specifically, the “ledbpgp” and “stegp” pulse sequences, which are set up initially 
for 1H DOSY experiments).  
We have used these modified pulse sequences to look at a variety of 
phosphines.  In one experiment, we looked at a different bio-related phosphines, 
specifically adenosine triphosphate, pyrophosphate, and inorganic phosphate in 
water (D2O).  In the experiment, we were able to easily distinguish each molecule 
based on their relative diffusion coefficient.  An advantage of using 31P NMR is 
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the fact that most 31P signals are easily distinguishable from one another and do 
not overlap, a significant benefit for DOSY experiments.  
To test this, a mixture of inorganic phosphate, pyrophosphate, and ATP 
was prepared in D2O.  The initial spectra showed good separation between the 
three species (Figure 4).  
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Figure 4. 31P-DOSY spectrum of phosphate (0.5 ppm), pyrophosphate (-8.5 ppm), 
and ATP (-9.1, -11.2, -22.5 ppm).  
Our goal was to use our DOSY technique to help distinguish between 
small ring phosphines and macrocyclic phosphines.  Thus, after removal of the 
copper(I) metal center, DOSY can distinguish between formation of a small ring 
or a macrocyclic product; this method can be complimentary to mass 
spectrometry.  To do this, a “calibration curve” was made using phosphines of 
varying mass and plotting the log of the diffusion coefficient (see Appendix A) 
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versus the log of the formula weight of the compound.  With this, an unknown 
phosphine’s formula weight (and thus, whether it is a small ring or macrocycle) 
can be obtained from the compound’s diffusion coefficient.   A calibration curve 
was prepared using triphenylphosphine (MW=262.29 g/mol), 1,1-
bis[(diphenyl)phosphino]methane (MW=384.39 g/mol), and tris[2-


























Figure 5. Calibration curve for formula weight analysis using 31P-DOSY NMR 
spectroscopy. 
 The method developed was then used with a sample of phosphine 13 with a 
mixture of triphenylphosphine and TETRAPHOS-2 used in the calibration study (Figure 
6).  Phosphine 13 has a slower diffusion coefficient, indicating that it is probably a larger 
species in solution than TETRAPHOS-2 and triphenylphosphine.  Also, all the peaks for 
the macrocycle trend together, which supports the fact that the other peaks are for other 
isomers of the macrocycle and not a small ring product.  
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Figure 6. 31P-DOSY spectrum of 13 with triphenylphosphine and TETRAPHOS-2. 
2.3.6. Coordination Chemistry
 A dichloromethane solution of the free ligand (12) was added to a suspension of 
anhydrous CoCl2 in dichloromethane.  The solution immediately turned dark green and 
the resulting product was obtained as a green powder, postulated to be Co(12)Cl2.  The 
green product had broad 1H NMR signals and no 31P NMR signal, consistent with a 
paramagnetic species.  The product showed a single peak in the ESI-MS at a m/z of 694 
amu, consistent with [M-Cl]+; The isotope pattern of the peak at 694 is also consistent 
with [M-Cl]+ (see Appendix A).  There are no peaks in the mass spectrum corresponding 
to [Co(12)]2+, indicating that the complex may have one bound chloride and one free 
chloride, giving a square pyramidal five-coordinate species.  The electronic spectrum has 
a similar shape as other relevant [Co(P)4Cl]X (P = a phosphine) complexes with two 
absorption maxima at 681 and 589 nm, indicating that the complex may has a solution 
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structure of five-coordinate [Co(12)Cl]Cl (see Table 2).  This type of complex is often 
seen with tetraphosphorus cobalt(II) complexes.  Similar complexes have been found to 
have a five-coordinate structure with one ionic halogen.22-26  In one example, 1,3-
bis(dimethylphosphino)propane (dmpp) was added to CoI2 and the resulting product was 
insoluble, crashing out of solution and characterized as [Co(dmpp)2I]I.27  
Table 2. Comparison of other [Co(P)4Cl]X complexes. 
Complex λmax (ε)
[Co(12)Cl]Cl 589 (78), 681 (117)
[Co[QP]2Cl]Cl*27 588 (sh), 685 (sh)
[Co(PPh(OEt)2)4Cl]BPh4 22 588 (570), 630 (490)
[Co(dmpp)2Cl]BPh4 28 610 (419), 690 (319)
[Co(MC)2Cl][CoCl4] 23 575 (240), 675 (400)
[Co(dppp)2Cl]Cl 29 600 (600), 680 (730)
* Trigonal pyramidal geometry 
QP = tris-(o-diphenylphosphinophenyl) phosphine
dmpp = 1,3-bis(dimethylphosphino)propane
MC = Macrocycles with two phosphorus atoms, acting 
as a bidentate ligand
2.3.7. Computational Work 
 In addition to the experimental observations, initial calculations were run by E. 
Adrian Henle to determine whether or not the double chelate small ring or the macrocycle 
would be more favored energetically on copper(I), as well as the relative energies of the 
possible isomers of a macrocyclic phosphine complex (Scheme 9).  A copper(I) complex 
bearing two 1,2-bis(phosphino)ethane ligands was chosen as a model complex (14).  The 
calculations showed that it is more energetically favorable by 5.23 kcal/mol to have the 
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first alkylation form an open-chain tetradentate ligand coordinated to copper (16) versus a 
coordinated eight-membered bidentate ring (15).  The calculations also found that the 
RSRS (17e) stereochemistry of the macrocyclic ligand on copper is favored by a over 10 
kcal/mol over any other ones (17a-d), consistent with the X-ray structure obtained (see 
Figure 2 above).  A more detailed discussion of the possible stereochemistries of a 
coordinated macrocycle is included in Chapter IV.  
Scheme 9. A model macrocyclic copper(I) complex used for calculations of the relative 
energies for a double-chelate vs. macrocycle reaction, and the stereochemistries of 





















































































>10 kcal/mol over 17a-d








 Tetraphosphine macrocycles may be considered one of the most difficult classes 
of compounds to synthesize.  A solution to this is to use Cu(I) as a template metal using 
two bis-bidentate secondary phosphines as a precursor to macrocyclic phosphines.  
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Cu(P2)2+ templates can be bridged with various dihalides in the presence of a base to 
yield macrocyclic Cu(I) complexes.  Reaction with aqueous cyanide affords the free 
phosphine.  This ligand can be used with other transition metals of interest, which can 
potentially be useful in a pressure-swing absorption nitrogen rejection scheme.    
2.5. Bridge
 Chapter II described how Cu(P2)2+ complexes are a viable route toward 
tetraphosphine macrocycles.  Chapter III describes how Cu(DHMPE)2+ (DHMPE = 1,2-
bis[(dihydroxymethyl)phosphino]ethane), a complex that was thought to be a potential 
starting material for preparing tetraphosphine macrocycles through a phosphorus 
Mannich reaction, crystallizes as a dimer in the solid state but 1H DOSY experiments 
show the complex is monomeric in solution.  
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CHAPTER III
SYNTHESIS OF THE HYDROPHILIC PHOSPHINE COMPLEX 
Cu(DHMPE)2+ FROM COPPER(I) CHLORIDE
(DHMPE = 1,2-BIS[(DIHYDROXYMETHYL)PHOSPHINO]ETHANE, A 
WATER-SOLUBLE BIDENTATE PHOSPHINE)
Some of this work has been previously published and is reproduced with permission 
from: Nell, B. P.; Swor, C. D.; Zakharov, L. N.; Tyler, D. R. Polyhedron, 2012, 45, 30-34.  
3.1. Introduction
 Copper(I) phosphine complexes have potential biomedical applications as anti-
cancer drugs1-5 and as PET imaging reagents.6,7  Especially attractive for these purposes 
are Cu(I) complexes containing water-soluble phosphine ligands.  When researchers 
synthesize such complexes, they typically begin with halide-free copper starting 
materials, such as CuOTf·C6H6 or Cu(MeCN)4PF6.  For example, the water-soluble 
copper phosphine complex [Cu(DHMPE)2]+ (DHMPE = 1,2-
bis[(dihydroxymethyl)phosphino]ethane) was prepared by the reaction of 
[Cu(CH3CN)4]PF6 and DHMPE (The complex possesses antitumor activity comparable 
to cisplatin5).  CuCl would be a cheaper and more easily obtained starting material but the 
problem is that terminal or bridging halide ligands complicate the coordination chemistry 
of bidentate phosphines with Cu(I).  Examples of the types of products that can form with 
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bidentate ligands and halides are shown in Figure 1.8-13  The main disadvantage of the 
halide-free starting materials is their high cost compared to simple copper salts, being up 









































Figure 1.   Structures of copper(I) halide complexes with bidentate phosphine ligands.
 In this chapter, we report a convenient synthesis of Cu(DHMPE)2+, with either 
halide or PF6- counteranions, from CuCl in methanol.  The ability to use a cheap source 
of Cu(I) as the starting material should help to spur development of water-soluble Cu-
phosphine complexes.  It is noted that CuCl has been used previously for the generation 
of Cu(DHMPE)2Cl; however, the complex was obtained only as an oil and limited 
spectroscopic data were reported.3 
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3.2. Experimental
3.2.1. Materials and Reagents
 Unless otherwise noted, all experimental procedures were performed under an N2 
atmosphere using standard Schlenk and glovebox techniques.  Commercially available 
reagents were used as received.  HPLC-grade THF was dried and deoxygenated by 
passing through commercial columns of CuO, followed by alumina under an argon 
atmosphere.  Deuterated solvents were obtained from Cambridge Isotope Laboratories 
and degassed using three freeze-pump-thaw cycles.  
1,2-bis[(dihydroxymethyl)phosphino]ethane (DHMPE)14, tris(hydroxymethyl)phosphine 
(thp)15, and Cu(thp)4PF65 were synthesized according to literature methods.  The complex 
Cu(DHMPE)2Cl was prepared by a modified literature synthesis.3 
3.2.2. Instrumentation
 NMR spectra were obtained on a Varian Unity/Inova 500 spectrometer operating 
at a frequency of 500.62 MHz (1H) or 202.45 MHz (31P).  The 1H and 13C NMR spectra 
were referenced to residual solvent peaks, and the 31P NMR spectra were referenced to 
external 1% H3PO4 in D2O.  ESI mass spectra were obtained using a Thermo Finnigan 
LCQ Deca XP Plus ESI Mass Spectrometer using CH3OH as the solvent.  Infrared 
spectra were recorded using a Thermo-Scientific Nicolet 6700 FT-IR spectrometer. 
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3.2.3. X-ray Crystallography
 Diffraction intensities for [Cu2(DHMPE)4]Cl2 were collected at 173(2) K on a 
Bruker Apex CCD diffractometer using MoKα radiation λ=0.71073 Å.  Space groups 
were determined based on systematic absences.  Absorption corrections were applied by 
SADABS.  The structure was solved by direct methods and Fourier techniques and 
refined on F2 using full matrix least-squares procedures.  All non-H atoms were refined 
with anisotropic thermal parameters.  The H atoms were treated in calculated positions 
and refined in a rigid group model, except the H atoms in terminal –OH groups involved 
in H-bonds which were found on the residual density map and refined with isotropic 
thermal parameters and with restrictions; the O-H distance of 0.97 Å was used in the 
refinement as a target for the corresponding O-H bonds.  One of the CH2OH groups in 
[Cu2(DHMPE)4]Cl2- is disordered over two positions in the ratio 0.77/0.23.  The H atom 
at the O atom in the disordered CH2OH group was refined in the calculated position in a 
rigid group model.  The H atom at the O atom in the solvent CH3OH molecule was not 
found and has not been taken into consideration in the refinement.  All OH groups in the 
cation together with the solvent methanol molecule and the Cl anion form in the crystal 
structure of [Cu2(DHMPE)4]Cl2 a network of H-bonds.  All calculations were performed 
by the Bruker SHELXTL (v. 6.10) package.
3.2.4. Methods
 Synthesis of Cu2(DHMPE)4Cl2.  CuCl (0.128 g, 2.34 mmol) was added to a 
solution of DHMPE (0.551 g, 4.67 mmol) in 30 mL MeOH.  The reaction was stirred for 
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1.5 h at room temperature, and the solvent was removed in vacuo yielding 
Cu2(DHMPE)4Cl2, a white, air-stable solid.  Yield: 0.584 g (86%). 31P{1H} NMR (D2O): 
δ +10.6 ppm (brd).  1H NMR (D2O): δ 1.99 (s, 8H, -CH2OH), 4.16 (m, 16H, -CH2CH2-). 
13C NMR (D2O): δ 19.74, 59.32. ESI-MS: 491 amu (m+).  IR (ATR, cm-1): 3350-3000 
(s), 2897 (m), 2831 (w).  Single crystals suitable for X-ray diffraction were grown by 
slow evaporation of a methanol solution.  Anal. Calcd for C12H32ClCuO8P4: C, 27.33; H, 
6.12; P, 23.50.  Found: C, 27.31; H, 6.19; P, 23.43.
 Synthesis of Cu(DHMPE)2PF6.  CuCl (0.065 g, 0.66 mmol) was added to a 
suspension of DHMPE (0.270 g, 1.26 mmol) in 30 mL THF.  To this suspension was 
added NaPF6 (0.111 g, 0.66 mmol).  The reaction was stirred for 1.5 h at room 
temperature, and the solvent was removed in vacuo, yielding an inseparable mixture of 
Cu(DHMPE)2PF6 and NaCl as a white, air-stable solid. 31P{1H} NMR (D2O): δ +10.0 
ppm (brd), -145 ppm (septet, PF6).  1H NMR (D2O): δ 1.99 (s, 8H, -CH2OH), 4.16 (m, 
16H, -CH2CH2-). 13C NMR (D2O): δ 13.74, 59.32.  ESI-MS: 491 amu (m+).
3.3. Results and Discussion
 Our initial aim was to prepare Cu(DHMPE)2+ using CuCl.  Copper(I) chloride and 
DHMPE reacted in methanol within minutes at room temperature (Eq. 1).  The 31P NMR 
spectrum of the product showed a broad doublet at +12 ppm, consistent with coordination 
of the phosphine to Cu(I).16-18  The signal was broadened due to coupling of the 
phosphorus nuclei with the quadrupolar copper nuclei (63Cu and 65Cu).19,20  In some 
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copper(I)-phosphine complexes, the 31P-63Cu coupling can be fully resolved into a quartet 
by raising the temperature;16,18,20,21 however, in this case the signal for the product 
(shown below to be Cu(DHMPE)2+) remained a broad peak in D2O, even at 90° C.  Thus, 
























 Slow evaporation of a methanol solution containing the product gave single 
crystals suitable for X-ray diffraction.  The product was a phosphine-bridged dimer, 
[Cu2(DHMPE)4]Cl2 (Figure 2).  The molecule is centrosymmetric (Ci symmetry), with 
each copper atom bearing one terminal bidentate phosphine ligand.  Two bidentate 
phosphine ligands bridge between the two copper atoms, forming a 10-membered ring.  
The bridging ligands are in an extended conformation (P-C-C-P torsion = 166.5(2)°), in 
contrast to the gauche conformation of the terminal phosphine ligands (P-C-C-P torsion = 
51.3(3)°).  The copper coordination sphere is distorted tetrahedral, with the P1-Cu-P2 
(terminal phosphine) plane intersecting the P3-Cu-P4 (bridging phosphines) plane at 
87.3°.  One of the hydroxymethyl groups in each asymmetric unit (2 per molecule) is 
disordered.  Two molecules of methanol per Cu dimer are present as solvents-of-
crystallization.  A three-dimensional hydrogen-bonding network exists among molecules 
of the complex, methanol, and the chloride counterions (See appendix).  A phosphine-
bridged Cu(I) dimer of this type has only been observed once before, with the 
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hydrophobic ligand dimethylphosphinoethane (DMPE).21  In this case, the counteranion 
was the weakly-coordinating BF4-.  (The Cu(DMPE)2+ monomer has also been 
synthesized and structurally characterized by X-ray crystallography with [Cu(CoCO4)2]- 
and [CpTi(SCH2CH2S)2]- as the counterions.22,23)   
 The 31P NMR spectrum of the Cu2(DHMPE)4Cl2 crystals dissolved in D2O is a 
broad singlet, similar to that of the reaction solution described above.  The spectrum did 
not have sufficient resolution to determine whether the species in solution was a dimer or 
the monomer. 
Figure 2. An ORTEP view of the cation in Cu2(DHMPE)4Cl2 with thermal ellipsoids at 
the 30% level.  Only H atoms in -OH groups and only one position for the disordered -
O(6)H atom are shown for clarity. Symmetry code (A): -x,-y,-z.
 It is interesting to compare the crystal structures of [Cu2(DHMPE)4]Cl2  and 
[Cu2(DMPE)4](BF4)2.  (Figure 3).  Both structures display very similar conformations in 
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terms of bite angles, orientation of the 10-membered Cu2(bisphosphine)2 ring, etc.  Table 
1 shows a comparison of selected bond lengths, angles, and torsions in the two 
complexes.  A few slight differences are noticeable between the two complexes: all Cu-P 
bond lengths are slightly shorter in the DHMPE complex; most P-C bond lengths are 
shorter with DHMPE (with the exception of the backbone P-C bonds of the bridging 
phosphines); and the backbone C-C bonds are longer in the DHMPE complex. 
The bite angle of the terminal DHMPE ligand (88.59°) is slightly less than DMPE 
(89.2°), as is the P-Cu-P angle between the bridging phosphines (108.29° vs. 110.7°).  All 
other P-Cu-P angles are slightly larger for the DHMPE complex than for the DMPE 
complex.  Thus, the tetrahedral geometry of the Cu(I) ions in [Cu2(DHMPE)4]Cl2  is more 
distorted than in [Cu2(DMPE)4](BF4)2.  
Figure 3. Overlaid structures (ball and stick models) of [Cu2(DHMPE)4]2+ (blue) and 
[Cu2(DMPE)4]2+ (red).
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Table 1.  Comparison of crystal data, bond lengths (Å) and angles (°) for 
Cu2(DHMPE)4Cl2 and [Cu2(DMPE)4](BF4)2.  
[Cu2(DHMPE)4]Cl2 [Cu2(DMPE)4](BF4)221 Diff.
Counterion Cl- BF4-
Crystal System Monoclinic Triclinic
Space Group C2/c P
Solvent of Crystallization MeOH (none)
Cu-P 
Bonds
Terminal Cu-P1 2.279 (1) 2.289 (1) 0.009
Cu-P2 2.265 (2) 2.293 (1) 0.028
Bridging Cu-P3 2.248 (1) 2.267 (1) 0.018
Cu-P4 2.259 (1) 2.263 (1) 0.004
P-C 
Bonds
Terminal PCCP P1-C1 1.837 (4) 1.833 (3) -0.004
P2-C2 1.832 (4) 1.831 (3) -0.001
P-CH2X
(X = H, 
OH)
P1-C3 1.845 (4) 1.817 (3) -0.028
P1-C4 1.839 (4) 1.819 (4) -0.020
P2-C5 1.834 (4) 1.822 (4) -0.012
P2-C6 1.834 (4) 1.813 (4) -0.021
Bridging PCCP P3-C7 1.827 (4) 1.835 (2) 0.008
P4-C8 1.832 (4) 1.839 (2) 0.007
P-CH2X
(X = H, 
OH)
P3-C9 1.835 (4) 1.819 (3) -0.016
P3-C10 1.845 (4) 1.812 (3) -0.033
P4-C11 1.844 (4) 1.813 (4) -0.031
P4-C12 1.823 (4) 1.815 (4) -0.008
C-C 
Bonds
Terminal C1-C2 1.537 (5) 1.525 (4) -0.012
Bridging C7-C8 1.527 (5) 1.521 (4) -0.006
Bond Angles P1-Cu-P2† 88.59 (4) 89.2 (1) 0.59
P3-Cu-P4‡ 108.29 (4) 110.7 (1) 2.44
P1-Cu-P3 118.08 (5) 116.9 (1) -1.21
P1-Cu-P4 114.03 (4) 113.2 (1) -0.85
P2-Cu-P3 112.14 (4) 110.3 (1) -1.86





51.3 (3) 54.8 3.51
Bridging P3-C7-C8-
P4
166.5 (2) 168.9 2.39
†Terminal ligand bite angle.  ‡Bridging ligand “bite angle”.
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 Because only one other phosphine-bridged Cu(I) dimer of this type has been 
structurally characterized, the reasons for formation of a dimer instead of a CuP4+ 
monomer are not understood.  It is conceivable that formation of the dimer may have 
something to do with crystallization conditions or the properties of the anion; however, 
because [Cu2(DHMPE)4]Cl2  contains a different type of anion than [Cu2(DMPE)4](BF4)2, 
as well as a hydrophilic, hydrogen-bonded environment instead of a hydrophobic one, 
this explanation seems doubtful.  The explanation may lie instead in the relative 
stabilities of the rings and their conformations.  Clearly, the formation of a flexible ten-
membered ring (formed in this case by the two Cu+ ions and the two bridging 
phosphines) is entropically disfavored, in contrast to the more stable five-membered 
chelate rings that would be present in a monomeric structure.  However, inspection of the 
dimer structure reveals two conformational advantages of the dimeric form over a CuP4+ 
monomer.  First, the terminal phosphines have a small (<90°) bite angle, which is 
significantly less than the 109.5° P-Cu-P angle of an ideal tetrahedral complex.  
Formation of the phosphine-bridged dimer removes one of these strained chelate rings, 
allowing for less distortion of the tetrahedral coordination geometry.  Second, the 
bridging phosphine ligands are in a fully extended conformation, with favorable anti P-C-
C-P torsion angles, as opposed to the energetically disfavored gauche conformation of a 
terminal bridging ligand.  These factors, along with possible intermolecular and crystal 
packing interactions (such as the extended hydrogen-bonding network), might 
accumulate to favor crystallization of the dimer over the monomer.
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 To fully characterize the solution-state structure of the complex, a 1H DOSY 
experiment was carried out to determine the size of the complex in solution relative to the 
model complex Cu(thp)4+ complex (thp = tris(hydroxymethyl)phosphine).  This latter 
complex is monomeric and is expected to have a similar hydrogen-bonding environment 
to the Cu(DHMPE)+ complex.5  (The 1H DOSY experiment yields diffusion coefficients 
so the comparison is able to distinguish between a monomeric or dimeric solution 
structure for the Cu(DHMPE)+ complex.)  The 1H DOSY experiment of a mixture of both 
CuP4+ complexes in D2O showed that the diffusion coefficients for both complexes were 
very similar, which strongly suggests that the Cu(DHMPE)+ complex has a similar 
hydrodynamic radius as the model complex and is monomeric in D2O.  In addition, 
methanol solutions of the Cu(DHMPE)+ complex were analyzed by ESI mass 
spectrometry.  Positive-mode ESI-MS showed a single ion at m/z = 491.  This may 
correspond to either the monomeric Cu(DHMPE)2+ ion (structure A in Figure 1) or the 
dimeric Cu2(DHMPE)42+ ion.  Both of these ions correspond to m/z = 491, but the isotope 
pattern allows a distinction.  As shown in Figure 4, the isotope pattern corresponds to that 
of the monomer, Cu(DHMPE)2+.  Moreover, the absence of the half mass peaks shown in 
the theoretical dimer spectrum is evidence that the complex can exist as a monomer in the 
gas phase.  
 In contrast to the synthesis of Cu(DHMPE)2+ in methanol, the synthesis of the 
complex in THF did not proceed when CuCl and DHMPE were reacted (Eq. 2).  
However, addition of a halide abstractor such as NaPF6 or NaOTf resulted in complete 
conversion to Cu(DHMPE)2+ (Eq. 3), as indicated by 31P NMR.  The reaction in this case 
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presumably occurs by initial chloride abstraction, generating solvated Cu+ ions, which are 
then easily coordinated by the phosphine.  The reaction is driven to completion by 
precipitation of NaCl.  Unfortunately, it was experimentally impossible to separate the 
NaCl from the [Cu(DHMPE)2]PF6 due to similar solubilities, and so THF is not 
recommended as the reaction solvent. 






































 The reaction of CuCl with DHMPE in methanol is an efficient synthetic route to 
the water-soluble copper(I) phosphine complex Cu(DHMPE)2Cl.  The advantage of the 
synthetic method is that relative cheap CuCl is used as the starting material rather than 
higher priced Cu(I) salts.  The Cu(DHMPE)2Cl complex crystallizes as a phosphine-
bridged dimer but 1H DOSY experiments suggest the complex is a monomer in solution.  
The crystal structure of the dimer shows a striking resemblance to the one other 
phosphine-bridged dimer, [Cu2(DMPE)4](BF4)2, even though the Cu(DHMPE)2+ unit is 
hydrophilic instead of hydrophobic.  In a general sense, phosphine-bridged dimers need 
to be considered when attempting to characterize copper(I)-bisphosphine complexes.
3.5. Bridge
 Chapter III described an interesting duality between a Cu(I) phosphine complex 
that is monomeric in solution and dimeric in the solid-state.  Chapter IV continues to use 
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Cu(I) and will describe a method using a Cu(I) tetradentate phosphine complex as a 




SYNTHESIS OF TETRAPHOSPHINE MACROCYCLES USING A 
COPPER(I) TEMPLATE WITH A TETRADENTATE PHOSPHINE
Parts of Chapter IV contains experimental work performed by AN, and have been 
prepared for Nell, B. P.; Nathan, A.; Tyler, D. R.; manuscript in preparation.  
4.1. Introduction
Chapter II focused on using copper(I) as a template metal with two bidentate 
secondary phosphines to prepare tetraphosphine macrocycles.  The main drawback to that 
approach is the possibility of synthesizing a bidentate small ring phosphine as opposed to 
the large ring macrocycle that is desired (Scheme 1, top).  This possible product can be 
avoided completely by using an open chain tetradentate ligand that has two reactive P-H 
bonds at the end of the chain that, after coordination to a template metal ion, can be 
bridged by some bifunctional moiety to selectively give a macrocycle; there is no 
possible way to make a small ring product (Scheme 1, bottom). 
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macrocycle only  
In this chapter, we report a general method for preparing tetraphosphine 
macrocycles from an open-chain tetradentate phosphine ligand using Cu(I) as a template.  
The method is a combination of prior reports that show i) Ni(II) can template the 
formation of a macrocyclic tetradentate phosphine from an open-chain tetradentate 
phosphine (Scheme 2),1,2 and ii) Cu(I) templates can be removed facilely using cyanide 
or H2S (Scheme 3).3,4  
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4.2. Experimental
4.2.1. Materials and Reagents
Unless otherwise noted, all experimental procedures were performed under an 
inert (N2) atmosphere, using standard Schlenk and glovebox techniques.  Commercially 
available reagents were used as received.  HPLC-grade THF was dried and deoxygenated 
by passing through commercial columns of CuO, followed by alumina under an argon 
atmosphere.  Deuterated solvents were obtained from Cambridge Isotope Laboratories 
and degassed using three freeze-pump-thaw cycles.  The ligand MPPP and 35 were 
synthesized according to literature methods.  [Cu(CH3CN)4]OTf was prepared from a 
modified procedure.6
4.2.2. Instrumentation
 Air-sensitive NMR samples were sealed in N2 filled J-Young tubes.  NMR spectra 
were obtained on either a Varian Unity/Inova 300 spectrometer at an operating frequency 
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of 299.94 (1H) and 121.42 (31P) or a Varian Unity/Inova 500 spectrometer operating at a 
frequency of 500.62 MHz (1H) or 202.45 MHz (31P).  The 1H and 13C NMR spectra were 
referenced to residual solvent peaks, and the 31P NMR spectra were referenced to external 
1% H3PO4 in D2O.  ESI mass spectra were obtained using a Thermo Finnigan LCQ Deca 
XP Plus ESI Mass Spectrometer using THF or CH3CN as the solvent.  Infrared spectra 
were recorded using a Thermo-Scientific Nicolet 6700 FT-IR spectrometer.  UV-Vis 
spectra were collected on an Agilent 8453 spectrophotometer.  Elemental analyses were 
performed by Complete Analysis Laboratories, Inc., Parsippany, NJ. 
4.2.3. Methods
Synthesis of isopropyl allyl(phenyl)phosphinate (1).  Allyl bromide (6.0132 g, 
mmol) was added to a 50 mL Schlenk flask containing diisopropyl phenylphosphonite 
(5.0193 g, mmol) and the mixture heated to 70 °C for 12 hr.  After heating, the product 
was distilled under reduced pressure (85-90 °C @ 250 mTorr) to yield a clear oil.  Yield: 
4.9094 g (96.7 %).  31P NMR (CDCl3): δ -38.8 (s). 1H NMR (CDCl3): δ 7.77 (m, 2H), 
7.47 (m, 2H), 5.72 (m, -CHCH2, 1H), 5.06 (m, 2H), 4.61 (m, 1H), 2.73 (m, 2H), 1.36 
(dd, 3H), 1.19 (dd, 3H).  13C NMR (CDCl3): 132.23 (d, J = 2.6 Hz), 131.90 (d, J = 9.6 
Hz), 128.44 (d, J = 12.5 Hz), 127.51 (d, J = 9.1 Hz), 120.28 (d, J = 13.0 Hz), 69.88 (d, J 
= 6.8 Hz), 36.57 (d, J = 97.6 Hz), 26.79 – 21.46 (m).
Synthesis of 2 and 3.  Phosphinate 1 (1.5081 g, 6.73 mmol, 2.01 equiv) was 
added in a 50 mL Schlenk flask with MPPP (0.8731 g, 3.35 mmol, 1.00 equiv).  A spatula 
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tip full of AIBN was added to the reaction mixture.  The flask was heated to 80 °C 
overnight.  After heating, all volatiles were removed in vacuo at 100 °C.  The product (2) 
was an extremely viscous, clear oil.  31P{1H} NMR (CDCl3): δ 42.4 (s), -27.2 (d). 1H 
NMR (300 MHz, CDCl3) δ 7.76 (dt, J = 12.3, 6.7 Hz, 4H), 7.62 – 7.17 (m, 11H), 4.70 – 
4.37 (m, 2H), 1.96 (s, 4H), 1.36 (t, J = 6.3 Hz, 6H), 1.16 (dd, J = 6.2, 2.1 Hz, 5H).  The 
product of this reaction was directly carried on to reduction.  
Compound 2 was dissolved in diethyl ether and added dropwise to an ice-cooled 
suspension of LiAlH4 (0.4120 g, 10.86 mmol, 3.24 equiv) in ether.  After addition, the 
reaction mixture was warmed to room temperature and stirred for 12 hr.  The reaction 
was cooled again with an ice-bath and carefully quenched with 0.5 mL H2O, followed by 
0.5 mL 10% NaOH, finally followed by 1.5 mL H2O.  The resulting white precipitate was 
filtered and the solvent removed in vacuo to yield ligand 3 as a clear, viscous oil.  Yield: 
1.1532 g (61.4 % over two steps).   31P{1H} NMR (CDCl3): δ -26.7 (s), -53.3 (s), -53.7 
(s) (1JP-H = 210 Hz). 1H NMR (CDCl3): δ 7.79 (m, 8H), 7.66 (m, 12H), 4.46 (d, 1JP-H = 
210 Hz, -PH, 2H), 1.2-2.4 (m, 20H). 
Synthesis of [Cu(3)]OTf (4).  Ligand 3 (0.2020 g, 0.360 mmol, 1 equiv) was 
dissolved in CH3CN and added dropwise to a stirred solution of [Cu(CH3CN)4]OTf 
(0.1373 g, 0.364 mmol, 1.01 equiv) in CH3CN.  The solution was stirred for 20 minutes 
at room temperature and the solvent removed in vacuo to yield a waxy white solid.  The 
solid was triturated with ether to yield an off-white powder.  Yield: 0.2750 g (98.7%). 
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31P{1H} NMR (CDCl3): δ -15 (br), -45 (br).  ESI-MS: 623 amu (m+). Anal. Calcd for 
C34H40CuF3O3P4S: C, 52.82; H, 5.21; P, 16.02.  Found: C, 52.80; H, 5.18; P, 15.57.
General Method for Macrocyclization of 4.  A THF solution of KOtBu was 
added dropwise to 4 dissolved in THF and the solution turned a bright yellow color.  
After stirring for 15 minutes, a THF solution of the corresponding ɑ-ω dihalide was 
added dropwise.  The yellow color faded to a dull yellow color with KBr precipitate.  The 
solution was filtered through a 0.25 micron syringe filter or a celite plug and the solvent 
removed.  The yellow residue was redissolved in CH2Cl2 and filtered again.  Removal of 
the solvent yielded a waxy yellow solid that was triturated with ether to yield a yellow 
powder.  
5a: (4: (0.6016 g, 0.778 mmol, 1.0 equiv), KOtBu: (0.1871 g, 1.667 mmol, 2.14 
equiv), 1,3-dibromoproane: (0.1571 g, 0.778 mmol, 1.0 equiv)) Yield: 0.3279 g (51.8%). 
31P{1H} NMR (CDCl3): δ -24 (br).  ESI-MS: 663 amu ([m-OTf]+).  Anal. Calcd for 
C37H44CuF3O3P4S: C, 54.64; H, 5.45; P, 15.23.  Found: C, 54.46; H, 5.52; P, 15.07.
5b: (4: 0.0583 g, 0.075 mmol, 1 equiv), KOtBu: (0.0169 g, 0.151 mmol, 2.01 
equiv), 1,4-dibromobutane: (0.0164 g, 0.076 mmol, 1.01 equiv)) Yield: 0.0489 g (78.4%). 
31P{1H} NMR (CDCl3): δ -24 (br).  ESI-MS: 677 amu (m+).  Anal. Calcd for 
C38H46CuF3O3P4S: C, 55.17; H, 5.60; P, 14.98.  Found: C, 54.89; H, 5.63; P, 14.60.
5c:  (4: 0.0330 g, 0.043 mmol, 1.0 equiv), KOtBu: (0.0111 g, 0.099 mmol, 2.3 
equiv) (o-dibromoxylene: 0.0113 g, 0.043 mmol, 1.0 equiv) Yield: 0.0156 g (41.8 %). 
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31P{1H} NMR (CDCl3): δ -21 (br).  ESI-MS: 725 amu (m+).  Anal. Calcd for 
C42H46CuF3O3P4S: C, 57.63; H, 5.30; P, 14.15.  Found: C, 57.65; H, 5.22; P, 14.27.
Synthesis of 6a-c (described for 6b).  In a typical procedure, complex 5a was 
dissolved in CH2Cl2 (3-5 mL) and stirred vigorously at room temperature with an aqueous 
solution of KCN (2 mL) overnight.  The aqueous layer was removed and the organic 
layer was dried over MgSO4 and filtered through a plug of alumina.  The solvent was 
removed in vacuo to yield a waxy solid or residue that was taken on directly to prepare 
metal complexes or used as a CH2Cl2 solution directly.  
6a: 31P{1H} NMR (CDCl3): δ -26.8 (s). 1H NMR (CDCl3): δ 1.07-2.53 (m, 24H), 
6.78-8.05 (m, 20H, aromatic).
6b: 31P{1H} NMR (CDCl3): δ -26.4 (s), -27.4 (s). 1H NMR (CDCl3): δ 1.5-2.3 (m, 
26H), 7.2-7.6 (m, 20H, aromatic).
6c: 31P{1H} NMR (CDCl3): δ -23.2 (s), -26.7 (s). 1H NMR (CDCl3): δ 1.5-2.3 (m, 
22H), 7.2-7.6 (m, 24H, aromatic).
Synthesis of [Fe(6b)(CH3CN)2](BPh4)2.  To a suspension of FeCl2·4H2O (0.0013 
g, 0.007 mmol, 1.0 equiv)  and NaBPh4 ( 0.0045 g, 0.013 mmol, 1.9 equiv.) in CH3CN 
was added 6b as a CH2Cl2 solution (0.0040 g, 0.007 mmol, 1.0 equiv.).  The solution 
immediately turned light orange and was then stirred for 1 h; the solution was filtered 
through celite and the solvent was then removed in vacuo.  The orange residue was 
washed with ether to yield an orange powder.  ESI-MS: 670 [m-2(BPh4)]+, 335 
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[m-2(BPh4)]2+. Anal. Calcd for C89H94FeB2P4N2: C, 76.84; H, 6.67; N, 2.01; P, 8.91.  
Found: C, 65.60; H, 6.07; N, 3.40; P, 6.86. (with 2.4 CH3CN and 3.4 CH2Cl2 as solvents 
of crystallization, Calcd: C, 65.57; H, 6.11; N, 3.46; P, 6.96.)
Synthesis of [Co(6b)]Cl2·4 H2O. To a suspension of CoCl2 (0.0211 g, 0.162 
mmol) in CH2Cl2 was added 6a (prepared from 0.0855 g 5a, 0.103 mmol) in CH2Cl2.  
The solution turned from a bright blue suspension to an emerald green solution.  The 
reaction mixture was filtered and the solvent removed in vacuo.  The resulting residue 
was washed with ether to yield a dark green powder.  Yield: 0.0595 g (77.3%).  ESI-MS: 
708 [m-Cl]+  Anal. Calcd. for C37H46CoP4Cl2: C, 59.67; H, 6.23.  Found: C, 54.39; H, 
6.83. (with four water of hydration, Calcd: C, 54.42; H, 6.67).  UV-Vis (CH2Cl2): 611, 
660 nm. µeff = 1.57 B.M.
4.3. Results and Discussion
4.3.1. Synthesis of the Linear Tetradentate Ligand (3)
 The mixed tertiary-secondary tetradentate phosphine ligand 3 (Scheme 4) was 
prepared according to literature methods as a mixture of stereoisomers by LiAlH4 
reduction of the corresponding bis-phosphinate (2).5  Phenyl groups were chosen as 
demonstration substituents on the phosphine for ease of synthesis and solubility in 
organic solvents. 
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4.3.2. Preparation of [Cu(3)]OTf  
Ligand 3 reacted with one equivalent of [Cu(CH3CN)4]OTf in CH3CN to yield a 
white solid product characterized as [Cu(3)]OTf (4) (Scheme 5).  The 31P{1H} NMR 
spectrum of 5 exhibited two broad peaks centered at -15 and -40 ppm, corresponding to 
the tertiary and secondary phosphorus atoms of the ligand, respectively.  The broadness is 
consistent with coordination of 3 to Cu(I); the 31P NMR signals are significantly 
broadened because of coupling with NMR-active, quadrupolar 63Cu and 65Cu nuclei (as 
discussed previously, see Chapter II).  As reported for related Cu(I)-phosphine 
complexes, the tetrahedral geometry about Cu(I) in 4 is likely distorted by the propylene 
bridges between the phosphorus atoms, resulting in a tetrahedral bite angle less than ≈ 
109.5°.  Thus, because of the distortion, 31P NMR spectroscopy does not reveal much 
structural information except for the type of phosphine coordinated to copper (e.g. 
tertiary vs. secondary).  However, the ESI-MS of the complex displayed the anticipated 
m/z at 623 (C33H40CuP4+, [m-OTf]+) with the expected isotope pattern (See Appendix C).  
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The elemental analysis of the complex is also consistent with the proposed molecular 
formula. 





















4.3.3. Macrocyclization of [Cu(3)]OTf (4)  
 Complex 4 was converted to a macrocyclic complex using the general route 
depicted for the Ni complex in Scheme 2.  Deprotonation of complex 4 with two 
equivalents of KOtBu in THF immediately gave a bright yellow solution.  Attempts to 
bridge the two phosphide anions with various α-ω dibromides gave varied results.  When 
1,2-dibromoethane was used a linking reagent, there was no conclusive evidence for 
clean formation of the macrocyclic Cu(I) phosphine complex.  However, with either 1,3-
dibromopropane, 1,4-dibromobutane, or o-dibromoxylene, the macrocyclic complexes 
6a-c, respectively, were obtained (Scheme 6).  All complexes were isolated as yellow 
powders that displayed broad peaks in the 31P{1H} NMR spectra (see Table 1), consistent 
with alkylation of the two secondary phosphines to give an all-tertiary phosphine product. 
Because no Cu-P coupling is observed in the 31P NMR spectrum, the complex likely has a 
distorted tetrahedral geometry about Cu.7-9,18–20  
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Table 1. Data for copper(I) complexes 4 and 5a-c.





Cu(3)OTf (4) -15, -40 623 (623) 52.80 (52.82) 5.18 (5.21) 15.87 (16.02)
5a -14.7, -21.4 663 (663) 54.46 (54.60) 5.52 (5.45) 15.07 (15.23)
5b -18.4 677 (677) 54.89 (55.17) 5.60 (5.63) 14.60 (14.98)
5c -13.6, -21.4 725 (725) 57.65 (57.63) 5.22 (5.30) 14.27 (14.15)
4.3.4. Demetallation of Complexes 5a-c  
 Removal of the Cu(I) center in complexes 5a-c is necessary to prepare 
macrocyclic phosphine complexes with other metals.  The demetallation procedure is 
described in Chapter II.  The same procedure was then carried out with complexes 5a-c 
(Scheme 7).  The products resulting after removal of the solvent were colorless, oily 
residues (6a) or semi-solids (6b-c).  In general, phosphines 6a-c displayed sharp peaks in 
their 31P{1H} NMR spectra (see Table 2 for NMR data).  These peaks, indicative of 
tertiary phosphines, are much sharper than those in complexes 5a-c, indicating the 
absence of Cu coordination.  In the 1H NMR spectra, the aromatic protons of the phenyl 
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rings give rise to a group of signals at 7.3 ppm and the aliphatic protons have a broad 
signals from 1.2 to 2.1 ppm.  In addition, the P-H signals present in 3 were not in the 1H 
NMR spectrum of 6a-c, indicating full alkylation of the phosphines.  




























Compound 31P{1H} NMR (ppm) Integrals from 1H NMR: actual (expected)
Aromatic Aliphatic
6a -26.8 20 (20) 23.7  (24)
6b -25.6, -26.8 20 (20) 27.4 (26)
6c -23.2, -26.7 24 (24) 25.3 (22)
 It is interesting to note that a singlet is observed for phosphine 6a.  Because of the 
many stereoisomers possible from the open-chain ligand 3 (see Chapter V for discussion 
of the stereochemistry of the ligand), a simple NMR spectrum may not be expected.  The 
phosphine is capable of exhibiting four isomers (Figure 1), with two isomers with a 
geometry lending a singlet in the 31P NMR spectrum (Figure 1, A, D).  However, other 
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Table 2. NMR data for phosphines 6a-c.
phosphine macrocycles, both coordinated and free, have been prepared where a singlet 
has been observed for isomers other isomers A and D.10-12  It is possible that the singlet 
for phosphine 6a can arise from one of the other two isomers (B-C), with coincidentally 
all the peaks for the phosphorus atoms are at the same frequency with no P-P coupling .  
The possibility of a symmetric A4 spin-system could be a result of stereoselective 

















A B C D
Figure 1. Possible stereoisomers of tetraphosphine 6b.
 Phosphine 6b displays two equally intense singlets at -25.6 ppm and -26.8 ppm.  
Two peaks are expected as there are two different phosphorus environments.   could be 
from two isomers of 6b.  Because 6b is less symmetric, there are 7 possible 
diastereomeric pairs (two meso forms and five pair of enantiomers, see Appendix C).    
 The product resulting from 5c displayed sharp peaks in the expected region in the 
31P NMR spectrum, but the number of peaks indicated some degradation of the phosphine 
during demetallation.
 Because the oily nature of the free ligands prevented their more detailed 
characterization, derivatives of the ligand and metal complexes containing the ligands 
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were synthesized as a way to help confirm the identities of the ligands.  The coordination 
complexes of 6b with Co(II) and Fe(II) are described. 
4.3.5. Attempts to Derivatize Free Phosphines 6a-c
 In order to further the characterization of the free ligand 6b, derivatives were 
sought that would lend air-stable and potentially crystalline products.  A variety of 
methods were used, including alkylation to phosphonium salts, protection with borane, 
and oxidation with peroxide and elemental sulfur (Figure 2).  Unfortunately, none of the 
products obtained were useful in determining the structure of the free ligand.   For 
example, phosphine 6b does react with BH3THF in THF to yield a white solid.  This 
solid, however, is notoriously insoluble in most solvents except warm DMSO.  The 31P 
NMR spectrum of this product shifts from -25.6 and -26.8 ppm to a broadened peak at 
























































Figure 2. Attempted routes to derivatize ligand 6b
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4.3.6 Coordination Chemistry of 6b with Co(II) and Fe(II)  
 Reaction of 6b with anhydrous CoCl2 in CH2Cl2 gave an emerald green solution 
from which a dark green powder was isolated (Scheme 5).  The product showed a single 
peak in the ESI-MS at 708 m/z, corresponding to the calculated value for [Co(6b)Cl]+; 
the expected isotope pattern for this structure was also observed (see Appendix C), 
indicating that the species in solution may have only one coordinated chloride.  An 
analogous complex, [Co(dppp)2Cl]Cl, was proposed to be five-coordinate with one ionic 
halogen due to the sterics of the phenyl groups on the phosphine ligands, from which 
analogies could be drawn for the Co(6b)Cl2.16  
 The green product had broad NMR signals, consistent with a paramagnetic 
species, which could be expected for an d7 Co(II) complex.  The complex has a µeff of 
1.54 B.M. (Bohr Magnetons), consistent with 1 unpaired electron17; this effective 
magnetic moment is congruous with Co(II) tetraphosphorus complexes.18-21  Additionally, 
the electronic spectrum has a similar shape as other relevant five-coordinate [Co(P)4Cl]Cl 
(P = a phosphine) complexes with two absorption maxima at 611 and 660 nm (extinction 
coefficients of 397 and 372, respectively), indicating that the complex is likely five-
coordinate [Co(6b)Cl]Cl.  The elemental analysis of the green powder gave a formula of 
[Co(6b)]Cl2•4H2O, consistent with the proposed formula for Co(6b)Cl2 and not [Co(6a)]
[CoCl4], which is a common structure for Co(II) complexes (see Chapter II). 
 Reaction of 6b with FeCl2•4H2O and two equivalents of NaBPh4 in CH3CN, gave 
an orange solid identified as [Fe(6b)(CH3CN)2](BPh4)2 (Scheme 8).  The ESI-MS 
showed peaks at 670 and 335 m/z, corresponding to [m-2(BPh4)]+ and [m-2(BPh4)]2+, 
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respectively (see Appendix C).  Elemental analysis of the orange product indicated a 
formula of [Fe(6b)(CH3CN)2](BPh4)2·2CH3CN·3.5CH2Cl2.  The solvent molecules could 
not be removed by heating and pumping on the sample in vacuo for 12 hours.  The IR 
spectrum of the orange powder has weak stretches around 2251 and 2284 cm-1 and a 
strong stretch at 2091 cm-1, which could correspond to νN-N, indicating that the complex 
binds dinitrogen relatively easily, strongly enough to displace an acetonitrile ligand.  
 The same complex was then prepared in an argon-filled glovebox in the absence 
of dinitrogen.  An IR spectrum of the resulting orange powder showed a 64% reduction 
the intensity of the stretch at 2091 cm-1.  Passing N2 over the solid and taking another IR 
spectrum showed no change.  The complex was then put under vacuum and backfilled 
with N2.  A small amount of CH3CN was added and N2 bubbled through the solution to 
remove the solvent.  An IR of the resulting complex showed a slight increase in intensity 
(12%) of the N-N stretch.  It is possible that the complex binds N2 slowly over time, as 
the complex with a strong N-N stretch was in an N2-filled glovebox for weeks.  








































 Phosphine 6b also seemed to react with NiCl2 to give the corresponding 
[Ni(6b)]2+ by ESI-MS (See Appendix C).  Investigation into optimizing the coordination 
of ligands 6a-c to other transition metals is ongoing.
4.4. Conclusions  
 Tetradentate, macrocyclic ligands 6a-c can be successfully synthesized from the 
linear, tetradentate, secondary phosphine ligand 3 using a Cu(I) metal center as a 
template.  After alkylation, the Cu(I) template is easily removed with cyanide.  The 
uncoordinated macrocycle ligands thus obtained can be used to form complexes with 
other metals, as was demonstrated here using CoCl2 and FeCl2 to form macrocyclic 
complexes Co(6b)Cl2 and [Fe(6b)(CH3CN)2]2+, respectively.  The ability to form 
tetradentate, macrocyclic phosphine complexes of Fe is important because a long-term 
goal is to use water-soluble versions of these complexes in a pressure-swing purification 
of natural gas contaminated by N2 (Scheme 1, Chapter II).   
 In summary, a straightforward route to tetradentate, macrocyclic phosphine 
ligands and their complexes with various metals was demonstrated.  The route is, in 
principle, general and should be applicable to the synthesis of macrocyclic phosphine 
ligands with various R groups bonded to the P atoms.  Work in our laboratory is 
continuing with the preparation of water-soluble phosphine macrocycle ligands for use in 
the pressure-swing purification of natural gas.  
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4.5. Bridge
 Chapter IV described the use of a mixed secondary/tertiary tetraphosphine as a 
ligand to make tetraphosphine macrocycles.  This synthetic strategy works well to 
produce the desired macrocyclic ligands which can be coordinated to other metals of 
interest, but requires many synthetic steps, which is problematic for scaling up the 
synthesis.  Chapter V details attempts to uses Fe(II) as a template metal to directly 
prepare Fe(II) macrocyclic tetraphosphine complexes.  
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CHAPTER V
SYNTHESIS AND REACTIVITY OF COORDINATED BIDENTATE, 
TETRADENTATE, AND MACROCYCLIC PHOSPHINES ON IRON(II): 
TOWARD REVERSIBLE DINITROGEN BINDING
Charles D. Swor and Aditya Nathan performed some experimental work in this chapter, 
and the crystal structures were solved by Lev N. Zakharov.  
5.1. Introduction
 As mentioned previously in Chapter II, the ability of selected iron-phosphine 
complexes to bind N2 makes these complexes promising candidates for use in schemes 
designed to separate N2 from N2-contaminated natural gas streams. 
 Previous chapters have shown that copper(I) can be used as a template to prepare 
tetraphosphine macrocyclic ligands, but the ligand must be liberated from copper and re-
coordinated to iron(II) in order to obtain the desired final product.  Ideally, iron(II) could 
be used directly as a template, eliminating the need for multiple steps involved from 
needing a separate metal template.
 The Tyler lab has previously used iron(II) phosphine complexes to access 
reactivity with the inert dinitrogen.  Our lab has synthesized water-soluble iron(II) 
phosphine complexes that are capable of reversibly binding N2 in a pressure-swing 
absorption scheme (see Chapter II)1,2, as well as activating N2 toward reduction to NH3 at 
ambient temperature and pressure.3-5  
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 Our hypothesis with iron(II) was that a trans-octahedral complex would act 
similarly toward macrocyclization as the more ubiquitous square-planar d8 metals that are 
used as templates (Scheme 1).  Our lab has prepared many trans-Fe(P2)2X2 (P2 = a 
bidentate phosphine, X = Cl, Br, H) complexes in the past, so the idea for the planned 
synthetic route stemmed from these initial trans- complexes.1,2,4,6  
Scheme 1. General route to Fe(II) macrocycles using trans-Fe(P2)2X2 complexes (P2 = a 



















 This chapter illustrates our attempts to prepare phosphine macrocycles directly on 
iron(II) without the use of another template metal.  This route was attempted with both 
secondary and tetradentate secondary phosphines of both hydrophobic and hydrophilic 
natures.  The syntheses of the novel secondary and tetradentate phosphine ligands and 
complexes are described as well as the preparation of macrocyclic phosphine complexes 
directly on iron(II) with a variety of bridges.  Finally, nitrogen binding studies were 
carried out with a range of iron(II) phosphine complexes.  
5.2. Experimental
5.2.1. Materials and Reagents
 Unless otherwise noted, all experimental procedures were performed under an 
inert (N2) atmosphere, using standard Schlenk and glovebox techniques.  Commercially 
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available reagents were used as received.  HPLC-grade THF was dried and deoxygenated 
by passing through commercial columns of CuO, followed by alumina under an argon 
atmosphere.  Deuterated solvents were obtained from Cambridge Isotope Laboratories 
and degassed using three freeze-pump-thaw cycles.  [Fe(CH3CN)2](OTf)2,7 was 
synthesized according to literature methods.  Ligand 9 was prepared from literature 
methods8 and described in Chapter IV.  Compound 21 was commercially available. 
5.2.2. Instrumentation
 Air-sensitive NMR samples were sealed in N2 filled J-Young tubes.  NMR spectra 
were obtained on either a Varian Unity/Inova 300 spectrometer at an operating frequency 
of 299.94 (1H) and 121.42 (31P) or a Varian Unity/Inova 500 spectrometer operating at a 
frequency of 500.62 MHz (1H) or 202.45 MHz (31P).  The 1H and 13C NMR spectra were 
referenced to residual solvent peaks, and the 31P NMR spectra were referenced to external 
1% H3PO4 in D2O.  ESI mass spectra were obtained using a Thermo Finnigan LCQ Deca 
XP Plus ESI Mass Spectrometer using THF or CH3CN as the solvent.  Infrared spectra 
were recorded using a Thermo-Scientific Nicolet 6700 FT-IR spectrometer.  UV-Vis 
spectra were collected on an Agilent 8453 spectrophotometer.  Elemental analyses were 
performed by Complete Analysis Laboratories, Inc., Parsippany, NJ.
5.2.3. Methods
 Synthesis of cis-Fe(MeOPrPE)2Cl2 (1).  A THF solution of MeOPrPE (see 
Chapter II) (0.593 g, 2.48 mmol) was added to a THF suspension of FeCl2·4H2O (0.2500 
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g, 1.25 mmol).  The color of the solution immediately turned a red/purple color and 
eventually a dark purple color with a purple precipitate.  The solvent was removed to 
yield a purple powder.  Yield: 0.6060 g (81%). 31P{1H} NMR (CDCl3): δ 54.0 (br), 60.6 
(br), 66.8 (br), 77.6 (br).  ESI-MS: 567 amu ([m-Cl]+).  Anal. Calcd for C20H48Cl2FeO4P4: 
C, 39.82; H, 8.02; P, 20.54.  Found: C, 39.82; H, 8.14; P, 20.36.
 Synthesis of cis-Fe(MeOPrPP)2Cl2 (2).  Complex 2 was prepared in an 
analogous manner to complex 1, using MeOPrPP (Chapter II) (0.6040 g, 2.39 mmol) and 
FeCl2·4H2O (0.2433 g, 1.22 mmol).  Yield: 0.6400 g (85%) of a purple powder. 31P{1H} 
NMR (CDCl3): δ 11.0 (br), 24.8 (br), 36.3 (br), 49.4 (br).  ESI-MS: 595 amu ([m-Cl]+). 
Anal. Calcd for C22H52Cl2FeO4P4: C, 41.86; H, 8.30; P, 19.63.  Found: C, 41.99; H, 8.15; 
P, 19.43.
 Synthesis of cis-Fe(MPPE)2Cl2 (3).  Complex 3 was prepared in an analogous 
manner to complex 1, using 1,2-bis(phenylphosphino)ethane (MPPE) (0.5890 g, 2.39 
mmol) and FeCl2·4H2O (0.2380 g, 1.20 mmol).  Yield: 0.5320 g (72%) of a purple 
powder. 31P{1H} NMR (CDCl3): δ +40 to +120 (br).  ESI-MS: 583 amu ([m-Cl]+).  IR 
(ATR, cm-1): 2319 (m, P-H).  Anal. Calcd for C28H32Cl2FeO4P4: C, 54.31; H, 5.21; P, 
20.01.  Found: C, 54.39; H, 5.20; P, 19.95.
 Synthesis of cis-Fe(MPPP)2Cl2 (4).  Complex 4 was prepared in an analogous 
manner to complex 1, using 1,3-bis(phenylphosphino)propane (MPPP) (0.5700 g, 2.19 
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mmol) and FeCl2·4H2O (0.2180 g, 1.10 mmol).  Yield: 0.5249 g (74%) of a purple 
powder. 31P{1H} NMR (CDCl3): δ +26 to +50 (m).  ESI-MS: 611 amu ([m-Cl]+).  IR 
(ATR, cm-1): 2310 (s, P-H).  Anal. Calcd for C30H36Cl2FeO4P4: C, 55.67; H, 5.61; P, 
19.14.  Found: C, 55.68; H, 5.71; P, 19.05.  Single crystals suitable for X-ray diffraction 
were grown by vapor diffusion of hexanes into a THF solution over the course of 1 
month.  
Synthesis of trans-[Fe(MeOPrPE)2(CH3CN)2](OTf)2 (5).  A CH3CN solution of 
MeOPrPE (0.0378 g, 0.159 mmol) was added to a CH3CN solution of [Fe(CH3CN)2]
(OTf)2 (0.0252 g, 0.058 mmol) to give a bright orange solution.  After stirring for 12 
hours, the solvent was removed to yield an orange, viscous oil.  Yield: 0.0390 g (95.4%). 
31P{1H} NMR (CD3CN): δ +40 to +70 (m). Anal. Calcd for C26H54F6FeN2O10P4S2: C, 
34.22; H, 5.96; N, 3.07; P, 13.58.  Found: C, 34.29; H, 5.88; N, 2.94; P, 13.46. 
 Synthesis of trans-[Fe(MeOPrPP)2(CH3CN)2](OTf)2 (6).  A CH3CN solution of 
MeOPrPP (0.0770 g, 0.305 mmol) was added to a CH3CN solution of [Fe(CH3CN)2]
(OTf)2 (0.0672 g, 0.154 mmol) to give a bright orange solution.  After stirring for 12 
hours, the solvent was removed to yield an orange, viscous oil.  31P{1H} NMR (CD3CN): 
δ +30 to +80 (m). Anal. Calcd for C28H58F6FeN2O10P4S2: C, 35.75; H, 6.22; N, 2.98; P, 
13.17.  Found: C, 35.73; H, 6.26; N, 3.06; P, 13.06.
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 Synthesis of trans-[Fe(MPPE)2(CH3CN)2](OTf)2 (7).  A CH3CN solution of 
MPPE (0.1016 g, 0.413 mmol) was added to a CH3CN solution of [Fe(CH3CN)2](OTf)2 
(0.0910 g, 0.209 mmol) to give a bright orange solution.  After stirring for 12 hours, the 
solvent was removed.  The resulting orange gel was triturated with hexanes and ether to 
yield an orange powder. Yield: 0.1186 g (84.2 %). 31P{1H} NMR (CD3CN): δ +30 to +80 
(m).  IR (ATR, cm-1): 2303 (m, P-H), 2260 (w, CN).  Anal. Calcd for 
C34H38F6FeN2O6P4S2: C, 43.98; H, 4.13; N, 3.02; P, 13.34.  Found: C, 43.89; H, 4.03; N, 
2.86; P, 13.22. 
 Synthesis of trans-[Fe(MPPP)2(CH3CN)2](OTf)2 (8).  A CH3CN solution of 
MPPP (0.1095 g, 0.420 mmol) was added to a CH3CN solution of [Fe(CH3CN)2](OTf)2 
(0.0929 g, 0.213 mmol) to give a bright orange solution.  After stirring for 12 hours, the 
solvent was removed.  The resulting orange gel was triturated with hexanes and ether to 
yield an orange powder.  Yield: 0.1308 g (89.4 %). 31P{1H} NMR (CD3CN): δ +25 to +47 
(m).  IR (ATR, cm-1): 2319 (m, P-H). Anal. Calcd for C36H42F6FeN2O6P6S2: C, 45.20; H, 
4.43; N, 2.93; P, 12.95.  Found: C, 45.20; H, 4.43; N, 2.93; P, 12.95.  Single crystals of 
the triflate salt suitable for X-ray diffraction could not be obtained so crystals of the PF6- 
salt were grown (see below).
 Synthesis of trans-[Fe(MPPP)2(MeCN)2](PF6)2 (8-PF6).  NaPF6 (0.1550 g, 
0.922 mmol) was added to a CH3CN solution of 4 (0.2920 g, 0.451 mmol).  The initial 
purple solution faded to a bright orange color with a white precipitate.  The reaction 
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mixture stirred for 12 hours and was then filtered.  The solvent was removed in vacuo to 
yield an orange, crystalline solid. Yield: 0.3990 g (93%). 31P{1H} NMR (CD3CN): δ +25 
to +47 (m). Single crystals suitable for X-ray diffraction were grown by slow evaporation 
of an acetonitrile solution over the course of three months.  
 
 Synthesis of Fe(9)X2 (X = Cl (10a), Br (10b)).  A THF solution of tetradentate 
ligand 9 was added dropwise to a suspension of FeCl2·4H2O or FeBr2 in THF.  The color 
of the solution immediately turned dark purple.  The reaction was stirred for 12 hours 
after which the solvent was removed under vacuum to yield a purple solid.  
 10a: 9 (0.1968 g, 0.351 mmol), FeCl24H2O (0.0701 g, 0.353 mmol) Yield: 0.1492 
g (61.6 %) 31P{1H} NMR (CDCl3): δ 47.28 (ddd, J = 68.8, 54.0, 40.5 Hz), 43.57 (ddd, J 
= 71.1, 61.7, 40.0 Hz), 39.45 (t, J = 60.4 Hz), 30.78 (t, J = 60.4 Hz), 28.40 (ddd, J = 
159.1, 71.0, 54.0 Hz), 15.22 (ddd, J = 158.6, 69.1, 61.9 Hz).  IR (ATR, cm-1): 2305 (m, P-
H).  Anal. Calcd for C33H40FeCl2P4: C, 57.67; H, 5.87; P, 18.03.  Found: C, 57.65; H, 
5.99; P, 17.83.
 10b: 9 (0.2145 g, 0.383 mmol), FeBr2 (0.0863 g, 0.400 mmol).  31P{1H} NMR 
(CDCl3): δ 52.44 (ddd, J = 66.9, 53.1, 41.2 Hz), 47.04 (ddd, J = 71.1, 59.7, 40.9 Hz), 
42.32 (t, J = 59.4 Hz), 26.32 (t, J = 58.7 Hz), 24.23 (ddd, J = 143.3, 71.4, 53.6 Hz), 10.34 
(ddd, J = 143.7, 67.9, 60.2 Hz).
 Synthesis of [Fe(9)(CH3CN)2](BPh4)2 (11). Complex 10a (0.0095 g, 0.014 
mmol) was dissolved in CH3CN and the solution turned orange.  Two equivalents of 
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NaBPh4 (0.0100 g, 0.029 mmol) in CH3CN were added and stirred for 24 hours.  After 
stirring, the reaction mixture was filtered over celite to remove the precipitated NaCl and 
the solvent was removed in vacuo.  The residue was triturated with ether to yield an 
orange solid.  IR (ATR, cm-1): 2315 (m, P-H).  Anal. Calcd for C85H86B2FeN2P4: C, 
76.36; H, 6.48; P, 9.27.  Found: C, 76.35; H, 6.72; P, 9.19.
 Synthesis of ethyl allyl(methoxypropyl)phosphinate (13a). Methoxypropyl 
bromide (0.42 mL, 3.76 mmol) was added to diethyl allylphosphonite (0.6255 g, 3.74 
mmol) neat under N2.  The reaction mixture was heated to 80 °C overnight.  After 
heating, the reaction was cooled to room temperature and all volatiles were removed in 
vacuo.  The remaining oil was distilled under reduced pressure to yield the desired 
product.  Yield: 0.4851 g (63 %). 31P{1H} NMR (CDCl3): δ 53.1. 1H NMR (CDCl3): δ 
5.79 (ddtd, J = 12.9, 9.8, 7.5, 5.4 Hz, 1H), 5.23 – 5.14 (m, 2H), 4.05 (ddtd, J = 17.2, 10.1, 
7.2, 2.9 Hz, 2H), 3.39 (t, J = 6.0 Hz, 2H), 3.30 (s, 3H), 2.58 (dd, J = 17.0, 7.4 Hz, 2H), 
1.89 – 1.69 (m, 4H), 1.29 (t, J = 7.0 Hz, 3H). 13C NMR (CDCl3): δ 128.04 (d, J = 8.7 
Hz), 120.08 (d, J = 12.5 Hz), 72.49 (d, J = 15.5 Hz), 60.42 (d, J = 6.7 Hz), 58.58 , 34.56 
(d, JC-P = 86.3 Hz), 24.23 (d, JC-P = 94.5 Hz), 22.02 (d, J = 4.0 Hz), 16.73 (d, J = 5.6 Hz). 
Anal. Calcd for C10H24O2P2: C, 50.41; H, 10.15; P, 26.00.  Found: C, 50.36; H, 10.09; P, 
25.87.
 Synthesis of ethyl allyl(3-((triisopropyl)oxy)propyl)phosphinate (13b). (3-
bromopropoxy)triisopropylsilane (19, 1.5048 g, 5.11 mmol) was added to diethyl 
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allylphosphonite (18) (0.8538 g, 5.11 mmol) neat under N2.  The reaction mixture was 
heated to 80 °C overnight.  After heating, the reaction was cooled to room temperature 
and all volatiles were removed in vacuo.  The remaining oil was sufficiently pure by 1H 
NMR.  Yield: 0.3835 g (28 %). 31P{1H} NMR: δ 53.41. 1H NMR (300 MHz, CDCl3) δ 
5.82 (ddtd, J = 17.2, 10.0, 7.4, 5.2 Hz, 1H), 5.31 – 5.08 (m, 2H), 4.08 (ddq, J = 10.7, 6.8, 
3.6 Hz, 2H), 3.73 (dt, J = 8.4, 5.6 Hz, 2H), 3.52 (dq, J = 10.2, 6.6 Hz, 3H), 2.61 (dd, J = 
17.2, 7.5 Hz, 2H), 2.06 (dq, J = 12.2, 6.0 Hz, 2H), 1.94 – 1.69 (m, 4H), 1.31 (t, J = 7.0 
Hz, 3H), 1.05 (t, J = 4.0 Hz, 21H).
 Synthesis of ethyl allyl(2-(benzyloxy))phosphinate (13c). ((3-
bromopropoxy)methyl)benzene (20) (0.18 mL, 1.14 mmol) was added to diethyl 
allylphosphonite 18 (0.1794 g, 1.10 mmol) neat under N2.  The reaction mixture was 
heated to 80 °C overnight.  After heating, the reaction was cooled to room temperature 
and all volatiles were removed in vacuo.  31P{1H} NMR: δ 50.59.  1H NMR (300 MHz, 
CDCl3) δ 7.33 (qd, J = 6.4, 5.5, 2.5 Hz, 5H), 5.94 – 5.62 (m, 1H), 5.37 – 4.97 (m, 2H), 
4.58 (d, J = 2.0 Hz, 2H), 4.07 (ddd, J = 9.3, 7.2, 3.5 Hz, 2H), 3.78 (td, J = 6.2, 2.0 Hz, 
3H), 3.48 (td, J = 6.2, 2.0 Hz, 2H), 2.65 (dd, J = 17.7, 7.9 Hz, 2H), 2.10 (ddd, J = 14.6, 
7.1, 3.6 Hz, 2H), 1.28 (ddt, J = 11.3, 8.9, 6.4 Hz, 3H).
 Synthesis of 14 and 15. Phosphinate 13a (0.1379 g, 0.669 mmol) was added in a 
50 mL Schlenk flask with MeOPrPE (0.0787 g, 0.330 mmol).  A spatula tip full of AIBN 
was added to the reaction mixture.  The flask was heated to 80 °C overnight.  After 
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heating, all volatiles were removed in vacuo at 100 °C.  The product (14) was an 
extremely viscous, clear oil.  31P{1H} NMR (202 MHz, CDCl3) δ -26.63, -70.53.1H NMR 
(300 MHz, CDCl3) δ 4.03 (p, J = 7.1 Hz, 4H), 3.39 (q, J = 6.1, 5.6 Hz, 8H), 3.31 (s, 
12H), 1.98 – 1.59 (m, 17H), 1.57 – 1.36 (m, 11H), 1.37 – 1.22 (m, 6H).  The product of 
this reaction was directly carried on to reduction.  
Compound 14 was dissolved in diethyl ether and added dropwise to an ice-cooled 
suspension of LiAlH4 in ether.  After addition, the reaction mixture was warmed to room 
temperature and stirred for 12 hr.  The reaction was cooled again with an ice-bath and 
carefully quenched with 0.5 mL H2O, followed by 0.5 mL 10% NaOH, finally followed 
by 1.5 mL H2O.  The resulting white precipitate was filtered and the solvent removed in 
vacuo to yield ligand 3 as a clear, viscous oil.  Yield: 0.0588 g (34 % over two steps).   
31P NMR (202 MHz, CDCl3) δ -26.63 , -70.53 (d, J = 199.3 Hz). 1H NMR (300 MHz, 
CDCl3) δ 3.40 (t, J = 6.3 Hz, 7H), 3.33 (s, 12H), 1.95 – 0.94 (m, 18H).
 Synthesis of 16 and 17.  Diethyl allylphosphonate (0.6795 g, 3.81 mmol) was 
added in a 50 mL Schlenk flask with MeOPrPE (0.4277 g, 1.80 mmol).  A spatula tip full 
of AIBN was added to the reaction mixture.  The flask was heated to 80 °C overnight.  
After heating, all volatiles were removed in vacuo at 100 °C.  The product (16) was an 
extremely viscous, clear oil.  31P{1H} NMR (CDCl3): δ 31.3 (s), 27.0 (s). 1H NMR (300 
MHz, CDCl3) δ 4.07 (pdd, J = 7.1, 4.9, 3.0 Hz, 2H), 3.37 (t, J = 6.4 Hz, 1H), 3.30 (s, 2H), 
1.95 – 1.59 (m, 2H), 1.55 – 1.35 (m, 3H), 1.29 (t, J = 7.0 Hz, 4H). The product of this 
reaction was directly carried on to reduction.  
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Compound 16 was dissolved in diethyl ether and added dropwise to an ice-cooled 
suspension of LiAlH4 (4 equivalents) in ether.  After addition, the reaction mixture was 
warmed to room temperature and stirred for 12 hr.  The reaction was cooled again with an 
ice-bath and carefully quenched with 0.5 mL H2O, followed by 0.5 mL 10% NaOH, 
finally followed by 1.5 mL H2O.  The resulting white precipitate was filtered and the 
solvent removed in vacuo to yield ligand 17 as a clear, viscous oil.  31P NMR (121 MHz, 
CDCl3) δ -26.98, -138.72 (t, J = 194.7 Hz). 1H NMR (300 MHz, CDCl3) δ 3.42 (t, J = 6.4 
Hz, 5H), 3.34 (s, 7H), 3.02 (t, J = 7.0 Hz, 2H), 2.36 (s, 10H), 1.90 – 1.52 (m, 16H), 1.47 
(dq, J = 11.6, 7.4, 6.0 Hz, 11H). 13C NMR (75 MHz, CDCl3) δ 73.70 (d, J = 5.8 Hz), 
58.73, 29.49, 28.10, 26.66 – 25.78 (m), 23.44, 22.78, 21.64, 15.87.
 Synthesis of diethyl allylphosphonite (19).  An ether solution of allylmagnesium 
bromide (1 M, 35 mL, mmol, equiv.) was added dropwise to an ether solution of diethyl 
chlorophosphonite (5.0 mL, mmol, equiv.)  at 0 C.  The reaction was warmed to RT and 
stirred for 12 hours.  After stirring, the the reaction was filtered and the solvent removed 
by distillation to yield the product as an extremely air-sensitive, clear oil.  Yield: 1.1531 g 
(20%) 31P NMR (121 MHz, Chloroform-d) δ 175.83. 1H NMR (300 MHz, CDCl3) δ 5.86 
– 5.63 (m, 1H), 5.23 – 5.00 (m, 2H), 4.02 – 3.71 (m, 4H), 2.41 (ddt, J = 7.6, 4.1, 1.2 Hz, 
2H), 1.24 (t, J = 7.0 Hz, 6H).
Synthesis of (3-bromopropoxy)triisopropylsilane (20).
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 Imidazole (1.2991 g, 18.05 mmol) was added to a solution of 1-bromopropanol 
(1.70 mL, 18.80 mmol) in dichloromethane.  Triisopropylsilyl chloride (4.0 mL, 18.70 
mmol) was added dropwise via syringe.  White precipitate formed and the reaction 
mixture was stirred for 12 hours.  The reaction was then filtered over celite, and the 
solvent was removed in vacuo.  Yield: 4.4216 g (79.6 %).  1H NMR (300 MHz, CDCl3) δ 
3.82 (t, J = 5.7 Hz, 2H), 3.55 (t, J = 6.5 Hz, 2H, -CH2-), 2.07 (h, J = 6.1, 5.5 Hz, 2H, -
CH2-), 1.06 (d, J = 4.4 Hz, 21H, -CH(CH3)2 (x 3), -CH(CH3)2 (x 3)).
 Dinitrogen Binding Experiments: In a typical experiment, the complex of 
interest was put in a Fischer-Porter tube with one equivalent of NaBPh4.  The tube was 
sealed and pressurized to 40 psi N2 and stirred for at least 24 hours.  After the reaction, 
the tube was vented and the reaction mixture filtered over celite to yield the product.  
5.3. Previous Work with Fe(P2)2X2 Complexes
5.3.1. Reaction of the Secondary Phosphines with FeCl2·4H2O  
 The majority of templates for the synthesis of macrocyclic phosphines are square-
planar d8 metals, coordinated by two bidentate secondary phosphines.9-13  However, can 
octahedral iron-phosphine complexes be used as templates for macrocyclic iron-
phosphine complexes?  Iron(II) would be the ideal template because it is the metal of 
choice for the reversible N2-binding chemistry described in the introduction.  To answer 
this question, ligands MeOPrPE and MeOPrPP were each reacted with FeCl2·4H2O 
(Scheme 2). 
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      n            R
1    1     CH3O(C3H6) 
2    2     CH3O(C3H6) 
3    1     Ph                 
4    2     Ph
Addition of 2 equivalents of MeOPrPE or MeOPrPP to FeCl2·4H2O in THF 
immediately gave complexes identified by elemental analysis and mass spectrometry as 1 
and 2, respectively, as deep reddish-purple products.  The 31P{1H} NMR spectra of these 
complexes showed a complicated series of peaks (see Appendix D), which made the 
spectra difficult to interpret definitively.   However, the sharp singlets in some of the 
spectra may indicate the presence of symmetric trans-isomers.  A number of both cis- and 
trans-Fe(P)4Cl2-type complexes (where P represents a phosphine ligand) have been 
synthesized previously by us and others.1,14-244,24–34  In all cases, the trans complexes are 
green or yellow in color, while the cis complexes are red or purple (Table 1).  Based on 
this simple rule-of-thumb, it is suggested that the geometries of the product complexes in 
Scheme 2 are cis-octahedral.  Because of the flexible methoxypropyl substituents on 
these complexes, both 1 and 2 are viscous oils at room temperature.  
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Table 1. Selected FeP4Cl2 complexes and their respective colors.










cis-Fe(Ph2PCH2CH2PPhCH2PPhCH2- CH2PPh2)Cl2 Violet 23
In order to obtain further evidence consistent with the proposed cis-octahedral 
geometry, FeCl2·4H2O was reacted with the hydrophobic secondary phosphines 1,2-bis-
(phenylphosphino)ethane (MPPE) and 1,3-bis(phenylphosphino)propane (MPPP), which 
are more likely to crystallize than the products obtained with MeOPrPE and MeOPrPP.  
(The assumption in making the complexes with these ligands is that they would form 
complexes with geometries identical to those with ligands MeOPrPE and MeOPrPP.)  
Reddish-purple solids 3 and 4 were obtained from the MPPE and MPPP reactions, 
respectively.  Single crystals of 4 were grown and analyzed by X-ray crystallography 
(Figure 1).  Note the cis-octahedral geometry of the complex.  Also note the phosphorus 
atoms in the MPPP ligands are of R,R and S,S stereochemistry and are coordinated to the 
iron in a Λ (left-handed twist) fashion.  The space group is P21, meaning that the crystal 
is enantiopure.  Each six-membered metallacycle has a chair conformation.  The bite 
angles for the MPPP ligands are 91.09(5)° (R,R) and 88.81(5)° (S,S).  The chloro ligands 
and the phosphorus atoms trans to them are almost exactly coplanar with the central iron 
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atom (sum of L-M-L angles = 359.9(1)°), and thus can be considered an equatorial plane.  
One of the axial phosphines (P2) is nearly orthogonal to the equatorial plane, while the 
other (P3) is tilted about 10° toward the chloro ligands.
Figure 1.  ORTEP plot (ellipsoids at 50% probability) of cis-Fe(MPPP)2Cl2 (4).  Only the 
hydrogen atoms bonded to P are shown; the other hydrogen atoms have been omitted for 
clarity.
 Because of the chirality of the secondary phosphine groups on these complexes, 
as well as the twist chirality of the cis-octahedral metal center, these complexes can exist 
as a mixture of up to 7 diastereomeric pairs of enantiomers.  Only three of these pairs are 
sufficiently symmetric to give rise to a simple A2B2 pattern (two triplets) in the 31P NMR 
spectrum.  The rest of the isomers are of such low symmetry that all phosphorus atoms 
are magnetically inequivalent and couple as four-spin systems, resulting in a complicated 
31P NMR spectrum for each of these complexes.  Thus, as was the case with 1 and 2, the 
31P NMR spectra of 3 and 4 exhibited multiple peaks that cannot be definitively 
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interpreted.  It is noted that, in a few attempts to prepare 3 in THF, a bright green 
precipitate was observed as the major product and isolated. The 31P{1H} NMR spectrum 
of a freshly prepared CDCl3 solution revealed a sharp singlet at +71.2 ppm as the major 
peak (JP-H = 325 Hz in the proton-coupled spectrum), which indicates that the major 
product is a highly-symmetric isomer of trans-Fe(MPPE)2Cl2. This product was only 
soluble in dichloromethane and chloroform, and it isomerized rapidly to the cis-
octahedral products in both solvents (see Appendix D).  None of these spectra change 
upon heating or cooling, indicating that these isomers are diamagnetic at room 
temperature, i.e., there is no spin crossover. 
5.3.2. Conversion of cis-Fe(P2)2X2 to trans-[Fe(P2)2(CH3CN)2]2+  
 In order to convert the cis-FeP4Cl2 complexes to trans-octahedral complexes 
suitable for use as templates, the chloro ligands were substituted by less π–donating 
ligands so they would be less likely to coordinate trans to the secondary phosphines.  
Acetonitrile was used as the new ligand because of its slightly π–accepting nature, ease of 
substitution, and weak coordination such that it could potentially be replaced by other 
ligands later in the synthesis.  The trans complexes 5-8 were prepared directly using 
[Fe(CH3CN)2](OTf)2 and the appropriate ligand (Scheme 3).*  As with the cis-Fe(P2)2Cl2 
complexes, the lack of stereospecificity in the ligands resulted in multiple isomers of the 
[trans-Fe(P2)2(CH3CN)2]2+ complexes 5-8, as indicated by the multitude of peaks in the 
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* This synthesis gave pure products by elemental analysis and is therefore the recommended method for 
preparing the trans-Fe(P2)2(CH3CN)22+ complexes.  Attempts to prepare 13-16 by reacting cis-FeP4Cl2 with 
CH3CN did not give pure products.) 
31P{1H} NMR spectra.  The observed 31P NMR spectra were complicated and 
consequently no structural information could be obtained (Appendix D).
Scheme 3. Synthesis of the trans-[Fe(P2)2(CH3CN)2]2+ complexes, 5-8.
       n             R              
5     1     CH3O(C3H6)              
6     2     CH3O(C3H6)           
7     1     Ph                           





















In order to confirm the trans geometry of complexes 5-8, single crystals of trans-
[Fe(MPPP)2(CH3CN)2](PF6)2 (8-PF6) were grown and analyzed by X-ray diffraction 
(Figure 2).  (The PF6- salt of the complex was used because the -OTf salt did not give X-
ray quality crystals.)  The complex is indeed trans-octahedral and is Ci symmetric, with 
both MPPP ligands lying in the equatorial plane.  The stereochemistry of both MPPP 
ligands is R,R.  Each six-membered metallacycle has a chair conformation.  The bite 
angles for the MPPP ligands are 87.83(2)°.  The axially coordinated acetonitrile ligands 
are nearly orthogonal to the equatorial plane (bond angles: P(1)-Fe-N 89.31°; P(2)-Fe-N 
88.46°).  One non-coordinated, disordered acetonitrile molecule is present as a solvent of 
crystallization.
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Figure 2.  ORTEP plot (ellipsoids at 50% probability) of the cation of trans-
[Fe(MPPP)2(CH3CN)2](PF6)2 (8-PF6).  Only the hydrogen atoms bonded to P are shown; 
the other hydrogen atoms have been omitted for clarity.
5.3.3. Macrocyclization Reactions Using the [Fe(P2)2(CH3CN)2]2+ Complexes.  
 Macrocyclic tetraphosphine ligands have previously been synthesized  with 
secondary phosphines bonded to square-planar d8 (Ni(II), Pd(II), or Pt(II)), or more 
rarely, tetrahedral d10 (Cu(I)) templates.9-12,25  With both d8 and d10 templates, not only 
does the metal act as a collection point, placing the phosphines in the correct 
stoichiometry and geometry for macrocyclization, but the metal also activates the 
phosphines toward alkylation.12,26  This activation is two-fold: 1) coordination to the 
metal lowers the pKa of the ligand, making deprotonation easier, and 2) back-donation 
from the electron-rich metal center destabilizes the lone pair on the deprotonated ligand, 
increasing its nucleophilicity.26
 Experiments using a variety of conditions (different bases, various electrophiles, a 
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range of temperatures) showed that the P-H bonds in the cis-Fe(P2)2Cl2 and trans-
[Fe(P2)2(CH3CN)2]2+ complexes were not alkylated under normal macrocyclization 
conditions.  It is suggested that the absence of reactivity is caused by decreased electron 
density in the d6 iron(II) atom in comparison to the more electron-rich d8 and d10 metals 
normally used for templates.  The decreased electron density of Fe(II) results in reduced 
nucleophilicity of the phosphido ligands after deprotonation.
5.4. Analysis of Coordination Chemistry and Macrocyclization of Fe(P4)X2 
Complexes (P4 = a Linear Tetradentate Phosphine)
5.4.1. Preparation of Fe(P4)X2 and [Fe(P4)(CH3CN)2](OTf)2 Complexes (P4 = a Linear 
Tetradentate Phosphine).  
 Initial work focused on using an open-chain tetradentate mixed tertiary/secondary 
phosphine (see Chapter IV).  The ligand (9) reacts with one equivalent of FeCl2·4H2O in 
THF to yield a purple solid product, proposed to be cis-Fe(9)Cl2 (10a).  There are three 
possible bonding motifs for a tetradentate ligand binding octahdedrally on a metal (cis-ɑ, 
cis-β, and trans) (Figure 3).  Because there are 10 possible stereoisomers, two meso forms 
and four possible pairs of enantiomers) and three possible geometries, it seemed likely 
















































Figure 3. The three binding motifs in which tetradentate ligand 9 can coordinate to Fe(II) 
in an octahedral geometry to form 10a.  
 The 31P{1H} NMR spectrum of 10a in CDCl3 shows three groups of peaks 
(Figure 5).  The largest two peaks are triplets at 30.8 and 39.4 ppm, indicative of a A2B2 
spin system with a single cis P-P coupling (JP-P = 60.4 Hz).  If a cis-ɑ geometry is 
assumed (cis-β will give four inequivalent phosphorus atoms regardless of the phosphine 
stereochemistry, so two triplets is not likely.  Also, most trans-tetraphosphine iron(II) 
dichloride complexes are “typically” green in color, so it seems likely that a bulk of the 
species in solution adopts the cis-ɑ geometry (see Table 1 above), there are only two 
stereochemistries where the terminal phosphorus atoms and the internal phosphorus 
atoms are equivalent, RRRR/SSSS and SRRS/RSSR (See appendix D); these combinations 
of geometry and stereochemistry gives rise to a simple A2B2 pattern but the SRRS/RSSR 
geometry is more sterically strained, so most likely the triplets arise form RRRR/SSSS in 
solution.  Simulation of the spectrum with the coupling constants in Table 2 (Figure 4) is 
in good agreement with the experimental spectrum.  
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Figure 4. 31P{1H} NMR spectrum of the triplets of 10a (top) and the simulated data for 
the triplets as an A2B2 spin system (bottom).  The spectrum was simulated with 
WinDNMR-Pro.27  
Table 2. The coupling constants for the doublet of doublet of doublets in the 31P{1H} 
NMR spectrum of 10a.  







 The four other groups of peaks in the 31P{1H} NMR spectrum are doublets of 
doublets of doublets, indicating another species in solution where all four phosphorus 
atoms are inequivalent.  The peaks at 15.2 and 28.4 ppm are attributed to the terminal 
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secondary phosphines and the peaks at 43.6 and 47.3 ppm are assigned to the internal 
tertiary phosphorus atoms.  The coupling constants (Table 2) indicated that the system 
was coupling as an ABCD spin system.  The coupling between the two secondary 
phosphorus atoms is 158.9 Hz, indicating that they are trans to each other in the complex, 
eliminating the possibility of both a trans or a cis-β geometry where the two P-H bonds 
would be cis to each other.  In this case, the four-spin system arises from the RSSS/SRRR 
pair of enantiomers (see Appendix D).  Simulation of the spectrum with the coupling 
constants in Table 3 (Figure 5) are in good agreement with the experimental spectrum.  
The data is consistent with 10b being in a cis-ɑ geometry, with at least two isomers in 
solution.  The analogous bromide complex (10b) was prepared likewise and exhibited an 
analogous 31P{1H} NMR spectrum with similar coupling constants. 
Figure 5. 31P{1H} NMR Spectrum of 10a (top) and the simulated data for the doublet of 
doublet of doublets as an ABCD spin system (bottom).  The spectrum was simulated with 
WinDNMR-Pro.27  
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 In order to try and induce a trans-octahedral complex, complex 10a was reacted 
with two equivalents of NaBPh4 in CH3CN to yield the bis(acetonitrile) complex (11) as 
an orange powder.  The 31P{1H} NMR of this complex was too complicated to interpret 
accurately.  This complex had comparable reactivity toward macrocyclization to the 
dichloride and dibromide species.  
5.4.2. Macrocyclization Attempts using Fe(9)X2
 The goal of using iron as a template is to eliminate the use of a “surrogate” metal 
ion, streamlining the synthesis of iron(II)-tetraphosphine macrocyclic complexes.  
Macrocyclization of complex 10a does not work using K2CO3 as a base as no evidence of 
any alkylation was observed using ESI-MS of the product obtained.  When a stronger 
base, KOtBu, was used, the initially purple solution of complex 10a turns a dark yellow 
color.  Dropwise addition of 1,3-dibromopropane, 1,4-dibromobutane, or o-
dibromoxylene leads to a color change from dark yellow to tan/brown with precipitate.  
After workup, some of the peaks in the ESI-MS indicated masses corresponding to the 
desired macrocyclic compounds with scrambling of the halides (typically, masses of [M-
Cl]+ and [M-2Cl+Br]+ are both observed), but isolating a pure compound was not 
possible.  If the iron(II) complex is prepared using FeBr2 instead of FeCl2•4H2O, only 
[M-Br]+ is observed in the ESI-MS for the macrocyclic complex, making the spectrum 
cleaner and easier to interpret (See Appendix D for ESI-MS). 
 Instead of adding a base to deprotonate the coordinated phosphine and adding an 
ɑ-ω dihalide to bridge, there is literature precedent for adding ɑ-ω dialdehydes and 
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diketones to act as bridges instead to form hydroxymethylphosphine linkages, without the 
need for a potentially detrimental base.  In this vein, complexes 10a and 10b were treated 
with excess acetylacetone in THF and a color change from purple to red occurred.  The 
solid powders (12a and 12b, respectively) that were collected after removal of the solvent 
were analyzed with ESI-MS.  Both reactions gave the same m/z of 715, corresponding to 
[m-2X-H]+ (See Appendix D).  This route may be a useful technique when coupled with 
water-solublizing ligands to help lend more hydrophilicity.  
5.5. Synthesis of Hydrophilic Secondary Tetradentate Phosphine Ligands
 Because of the success of macrocyclization of hydrophobic tetradentate ligands 
templated with both copper(I) (see Chapter IV) and iron(II), novel hydrophilic 
tetradentate phosphine ligands were envisioned.  These ligand would be able to follow 
the same synthetic pathway as their hydrophobic counterparts, but impart water-solubility  
so that the complexes could be utilized in a pressure-swing absorption scheme to achieve 
the ultimate goal of removing N2 from contaminated natural gas streams.  
  The synthetic strategy toward hydrophilic secondary tetradentate phosphines was 
to follow the same route as the hydrophobic ligand: 1) prepare a bis-secondary phosphine 
and a phosphinate bearing a water-solubilizng group 2) couple the two together using 
radical-activated hydrophosphination and 3) reduction to the phosphine.  Since secondary 
bis-phosphines bearing methoxypropyl groups had already been synthesized, this seemed 
the logical point to start.  
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 To prepare the desired phosphinate containing a methoxypropyl group, allyl 
diethyl phosphonite (19) was reacted neat with methoxypropyl bromide in an Arbuzov 
reaction to give the desired product (13a) as a colorless oil after distillation (Scheme 4).  
The phosphinate displayed a singlet in the 31P{1H} NMR spectrum at +53.1 ppm.  
 The same method was used to prepare other phosphinates bearing pro-hydrophilic 
groups (protected alcohols or amines, which upon either deprotection (alcohols) or 
alkylation (amines), give water-soluble groups).  The amines that were investigated, 
dimethylaminoethyl chloride and dimethylaminopropyl chloride, posed problems because 
of the volatile nature of the amines and the relatively high temperatures needed for the 
Arbuzov reaction.  These reactions could potentially work better with a much larger 
excess of the amine than used in these experiments to ensure enough amine stays around 
long enough to react.  The protected alcohols investigated (3-bromopropanol protected 
with triisopropylsilyl chloride (20) and benzyl bromide (21)) proceeded smoothly to give 
the corresponding phosphinates 13b and 13c, respectively. 
































 Phosphinate 13a was taken on and reacted with MeOPrPE (Chapter II) with AIBN 
to give the mixed tertiary phosphine/phosphinate 14 as clear, colorless, viscous oil 
(Scheme 5).  Bis-phosphonate 14 displays two resonances in the 31P{1H} NMR spectrum 
at +56.3 and -27.0 ppm, corresponding to the phosphinate and tertiary phosphine 
phosphorus atoms, respectively.  14 is then reduced with LiAlH4 in ether to afford the 
mixed tertiary/secondary phosphine 15 as a colorless, viscous oil that has two resonances 
in the 31P{1H} NMR spectrum at -26.6 and -70.5 ppm, for the tertiary and secondary 
phosphorus atoms, respectively.  In the proton-coupled 31P NMR spectrum, the peak at 
-70.5 ppm splits into a doublet (JP-H = 199 Hz), which is expected for a secondary 
phosphine.  Unfortunately, the phosphine is not appreciably water soluble.  
























 We proposed that perhaps four methoxy groups on a large ligand like 15 were not 
enough to lend appreciable water solubility.  To address this, a ligand was envisioned that 
could encompass more methoxy groups on phosphorus.  In order to do this, the ligand 
could not be macrocyclic in nature, but an open-chain tetradenate ligand where all the 
substituents on phosphorus were methoxypropyl groups.  The same synthetic route as 
Scheme 5 was used, but instead using diethyl allylphosphonate instead of a substituted 
124
phosphinate (Scheme 6).  This compound, 16, was prepared in near quantitative yield.  
The 31P{1H} NMR spectrum shows two resonances at -27.3 and +30.9 ppm, indicative of 
the internal tertiary phosphorus atoms and the terminal phosphonates.  After reduction 
with LiAlH4 in ether to give the phosphine ligand 17, the phosphonate peak shifts to 
-138.7 ppm in the 31P{1H} NMR and is a triplet in the proton coupled spectrum (JP-
H=194.8 Hz), indicative of the tertiary/primary phosphine.  Phosphine 17 then underwent 
hydrophosphination with allyl methyl ether in the presence of AIBN to yield phosphine 
18 as a viscous oil.  The 31P{1H} NMR of 18 showed peaks at -27.1, -31.5, and 32.0 ppm, 
with no peaks corresponding to primary phosphine, indicating that alkylation had 
occurred.  This procedure works well to alkylate the phosphine, but optimization is 
needed in the future.  




































 The use of transition metal complexes to coordinate dinitrogen and activate the 
rather inert molecule toward further reactivity has been investigated extensively though 
the years.  In our particular application, we envision finding a suitable iron(II) complex 
that can reversibly bind dinitrogen for uses in nitrogen rejection.  
 A variety of iron(II) complexes bearing secondary phosphines or macrocyclic 
phosphines were investigated for their ability to bind N2 (Table 4).  The complex was 
dissolved in THF and pressurized to 40 psi N2 in a Fischer-Porter tube and stirred rapidly 
for at least 24 hours.  If the complex had a halogen, a halogen abstractor was also added 
to open a coordination site for N2 (Scheme 7).†  

























 In order to determine if there was any coordinated N2, liquid-cell IR or ATR 
measurements were taken of the complex before and after reaction with N2 to look for the 
coordinated N2 stretch.  This stretch typically falls between 2008-2145 cm-1 for 
monomeric Fe(II)-N2 complexes.28  The results obtained for the Fe(II) complexes 
investigated in this study are summarized in Table 3.  
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† This method is not what would be used in an actual pressure-swing absorption application, where the 
halogens would not be removed so that when then N2 pressure was released, the displaced halide could re-
coordinate to regenerate the starting complex.
Table 3. IR N2 binding data for selected iron(II)-phosphine complexes (all data taken 
with ATR attachment unless noted otherwise. 
Complex νN-N observed (cm-1) νC-N observed (cm-1) νP-H observed (cm-1)
Fe(MPPE)2Cl2 (3) - N/A 2319
Fe(MPPP)2Cl2 (4) - N/A 2310
[Fe(MPPE)2(CH3CN)2](OTf)2 (7) - 2260 2303
[Fe(MPPP)2(CH3CN)2](OTf)2 (8) - not observable 2319
Fe(9)Cl2 (10) - N/A 2305
[Fe(9)(CH3CN)2](OTf)2 (11) - not observable 2315
[Fe(P4-DBB)(CH3CN)2](OTf)2* 2096 2251, 2285 -
Fe(MPPP)2Cl2 (4) + N2/NaBPh4 - N/A 2319
[Fe(P4-DBB)(CH3CN)2](OTf)2* + N2 2063§ not observable -
§ Taken with a liquid IR cell.  *Macrocyclic iron(II) complex [(Fe(6b)(CH3CN)2](OTf)2 from Chapter IV
 Even though Fe(II) tetraphosphine complexes normally bind dinitrogen readily, 
complexes bearing secondary phosphines do not, in these cases, bind N2, even under 40 
psi of N2 pressure.  The reason for this lack of reactivity may stem from an electronic 
effect.  It is unlikely a steric effect as [Fe(dppe)2(H)]X (X = BPh4-, ClO4-) binds N2 out of 
ambient air.29  No iron(II) secondary phosphine complexes (see Chapter I) have been 
found to bind dinitrogen.  One example, in particular, where complexes of the form 
[Fe(PR2H)4X]Y (R2 = Me(Ph), Et(Ph), (Et)2; X = Cl, Br, I; Y = BF4, PF6) are formed, no 
N2 binds to the five-coordinate species, even in an N2 atmosphere.30  Perhaps the lack of 
another alkyl group limits the donation from the phosphine to the metal, rendering it 
unreactive toward N2.  Additionally, the P-H bond antibonding orbital can accept 
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appreciable electron density from the metal.  This may also have an effect on the 
electronics needed to coordinate N2.    
 One particularly interesting result was for one of the macrocyclic Fe(II) 
complexes, [Fe(P4-DBB)(CH3CN)2](OTf)2.  This complex, prepared in a nitrogen-filled 
glovebox, displays a strong peak at 2096 cm-1, assigned to coordinated N2. This νN-N is 
lower than for free N2 (νN-N = 2331 cm-1), and is on the level of “typical” divalent iron 
complexes.  This may indicate that the binding is relatively weak, which could be 
advantageous for a pressure-swing absorption process.  As mentioned in Chapter IV, 
preparing the same complex in an argon-filled glovebox leads to a decrease in intensity of 
the N2 stretch.  Redissolving the complex and bubbling N2 through the solution leads to a 
small increase in intensity (See appendix C for IR spectra).  
5.7. Conclusions
 Both bidentate and tetradentate phosphines bearing secondary phosphines 
coordinate to Fe(II) to yield cis-complexes.  In the case of tetradentate ligand 9, the 
ligand coordinates in a cis-ɑ fashion to yield complexes 10a-b.  Iron complexes 3-6 do 
not alkylate cleanly to give macrocycles.  However, 10a-b do alkylate to give 
macrocyclic complexes by ESI-MS, but more work needs to done to determine the right 
conditions and workup to cleanly obtain iron(II) macrocyclic complexes directly.  
 Initial syntheses were completed to append water-solublizing methoxypropyl 
groups to the tetradentate phosphine scaffold.  Unfortunately, it does not seem that these 
ligands are appreciably water-soluble, so other water-solublizing are likely needed.  
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 Dinitrogen binding experiments show that iron complexes bearing secondary 
phosphines do not seem to coordinate dinitrogen, even under 40 psi of N2; this lack of 
reactivity could stem from a lack of electron density at iron because the secondary 
phosphine doesn’t donate as much electron density to the iron(II) center.(tolman)  
However, iron complexes bearing a tetraphosphine macrocycle bind N2 from a N2 filled 
glovebox, as shown by the νN-N at 2096 cm-1.
 In summary, direct alkylation to prepare tetraphosphine macrocycles directly on 
iron(II) seems promising.  If this method can be developed, initial studies show that 
complexes bearing macrocyclic phosphines might be able to bind dinitrogen readily, 
which could hold promise for N2-activation chemistry on iron.  
5.8. Bridge
 Chapter V described our efforts to prepare tetraphosphine macrocycles directly on 
iron(II), without the use of a “surrogate” metal.  The ultimate goal is to take the iron(II) 
complexes bearing macrocyclic phosphine ligands and analyze their behavior in nitrogen 
binding and in a pressure-swing absorption model.  Chapter VI describes the outlook of 





 Macrocyclic phosphine ligands hold promise to be excellent ligands to provide 
extremely robust complexes because of the macrocyclic effect.  However, their 
incorporation into complexes and catalysts have been hampered due to their extremely 
difficult syntheses.  The syntheses that do exist are either lengthy, which makes the 
preparation extremely expensive, or low yielding, or both.  The best routes utilize 
template syntheses, but only certain metals can be used effectively for tetraphosphine 
macrocycles.
 The previous chapters have described our lab’s work toward preparing 
tetraphosphine macrocycles using copper(I) as a template, and later, investigating the 
coordination chemistry and reactivity toward macrocyclization of iron(II).  Chapter I 
summarized previous work done with the coordination chemistry and reactivity of 
secondary phosphines on transition metals.  Chapter II looks at using copper(I) as a 
template for macrocyclization with two bidentate secondary phosphines.  The phosphines 
on the templates are readily alkylated to give an all-tertiary phosphine product after 
demetallation with cyanide.  The problem with this approach lies in the fact that it is 
difficult to determine if two small ring bidentate phosphines or one tetraphosphine 
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macrocycle is formed.  Mass spectral evidence indicates that the macrocyclic product is 
formed, but better evidence in the form of a X-ray quality crystal would be quite 
beneficial.  Additionally, theoretical work suggests that the macrocyclic product is 
energetically favored.  
 As mentioned, alkylation of secondary phosphines is one useful way to prepare 
higher order phosphines.  One alternative way is to implement the phosphorus Mannich 
reaction between a hydroxymethylphosphine and an amine.  Previous work in our lab 
discovered that the lone pair of the phosphine is integral to the phosphorus Mannich 
reaction, so coordinated hydromethylphosphines coordinated to metals can not react.  
Chapter III describes work with copper(I) as a template using 1,2-
[bis(dihydroxymethyl)phosphino]ethane (DHMPE) as the hydroxymethylphosphine.  An 
X-ray crystal structure of the complex shows that it crystallizes as a dimer in the solid 
state.  To ascertain if the same behavior occurs in solution, 1H-DOSY experiments were 
carried out and determined that the complex remains monomeric in solution. 
 Chapter IV investigates the same concept as Chapter II, but uses a tetradentate 
mixed tertiary/secondary phosphine coordinated to copper(I).  With this synthetic 
modification, there is no possibility of a small ring double chelate product.  Indeed this 
method works well to prepare macrocyclic Cu(I) complexes with a variety of bridging 
agents.  The complexes can be demetallated with cyanide and the free phosphine can be 
used as a ligand on other metals of interest, specifically Fe(II).  
 Ideally, the macrocyclization reaction would be carried out on Fe(II), without 
using Cu(I) as a sort of “surrogate” metal; Chapter V looks at this particular synthetic 
131
route.  Unfortunately, secondary bidentate phosphines do not seem to be reactive towards 
macrocyclization on Fe(II).  Curiously, the tetradentate phosphine used in Chapter IV 
does alkylate to give the expected macrocyclic product according to ESI-MS.  However, 
the products from this reaction are difficult to purify and definitively characterize.  
 A modular synthetic method for preparing tetraphosphine ligands bearing water-
solubilizing groups was devised.  A variety of alkyl halides can be used to append 
hydrophilic groups to the scaffold via an Arbuzov reaction with phosphonites.  
 The N2 binding capabilities of the iron(II) complexes that were prepared was also 
investigated.  Interestingly, the iron complexes bearing secondary phosphines did not 
coordinate N2, even at 40 psi of N2.  However, an iron complex with a coordinated 
macrocyclic tetraphosphine prepared from Fe(CH3CN)2(OTf)2 seemed to spontaneously 
bind N2 under ambient pressures in a nitrogen-filled glovebox, as indicated by the νN-N at 
2091 cm-1 in the IR spectrum.  
6.2. Outlook
 In light of our most recent FAB-MS mass spectrum of the 16-membered free 
macrocyclic P4 ligand (made from bridging MPPE with 1,4-dibromobutane), indicating 
that two bidentate secondary phosphines do indeed close to make a macrocycle and not a 
double chelate small ring, it makes synthetic sense to stay with this route to macrocycles.  
Additionally, an X-ray crystal structure was obtained of the 16-membered P4 macrocycle 
made from bridging MPPP with 1,3-dibromopropane, which matches the theoretically 
predicted stereochemistry, giving even more credence to the bis-bidentate route.  
132
 With this synthetic scheme sorted out, reactions can be scaled up to obtain a 
usable amount of macrocyclic ligand to investigate coordination to other metals, 
specifically Fe(II).  The initial results outlined in Chapter IV indicate that Fe(II) 
complexes bearing tetraphosphine macrocycles could be outstanding for binding 
dinitrogen for uses in separation techniques or activation of N2 toward reduction to 
ammonia.  
 Additionally, more time can be spent investigating how to make these complexes 
appreciably water-soluble.  It may be that four pendant methoxypropyl groups on a 
macrocyclic phosphine might not be enough hydrophilicity, so a new method for adding 
water-solubility is needed.  A promising route is to use pendant amino groups that could 
be protonated/alkylated to provide a cationic moiety, which should be appreciably water-
soluble.  
 Another advantage of the route established for macrocycles is to prepare different 
size macrocycles so a systematic study can be done to establish the thermodynamic and 
kinetic parameters for the phosphine macrocycle effect, which has not be accomplished to 
date because of the lack of a practical synthesis for macrocycles.  Now that a route has 
been established, this should be relatively straightforward to complete.  
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Figure A.1.10. 31P{1H} NMR Spectrum of (6)
Figure A.1.11. 31P{1H} NMR Spectrum of [Cu(MeOPrPE)-P4DBP]OTf (7)
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Figure A.1.12 31P{1H} NMR Spectrum of [Cu(MPPE)-P4DBP]OTf (9)
Figure A.1.13. 31P{1H} NMR Spectrum of [Cu(MPPP)-P4DBP]OTf (10)
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Figure A.1.14. 31P{1H} NMR Spectrum of [Cu(MPPE)-P4DBB]OTf (11)
Figure A.1.15. 31P{1H} NMR Spectrum of 13.
141
Figure A.1.16. 1H NMR Spectrum of 13. 
Figure A.1.17. 31P{1H} NMR Spectrum of Co(13)Cl2.
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-4 -6 -8 -10 -12 -14 -16 -18 -20 ppm
Current Data Parameters
NAME     31P-DOSY-std-CDCl3-try3
EXPNO                 5
PROCNO                1
F2 - Acquisition Parameters
Date_          20130207
Time              14.07
INSTRUM           spect
PROBHD   5 mm CPPBBO BB
PULPROG       ledbpgp2s
TD                14386
SOLVENT           CDCl3
NS                   32
DS                    4
SWH            7194.245 Hz
FIDRES         0.500086 Hz
AQ            0.9998270 sec
RG               193.86
DW               69.500 usec
DE                24.74 usec
TE                298.1 K
D1           2.00000000 sec
D16          0.00020000 sec
D20          0.10000000 sec
D21          0.00500000 sec
======== CHANNEL f1 ========
SFO1        242.8861688 MHz
NUC1                31P
P1                12.00 usec
P2                24.00 usec
PLW1        51.00000000 W
====== GRADIENT CHANNEL =====
GPNAM[6]     SMSQ10.100
GPNAM[7]     SMSQ10.100
GPNAM[8]     SMSQ10.100
GPZ6             100.00 %
GPZ7             -17.13 %
GPZ8             -13.17 %
P19              600.00 usec
P30             2000.00 usec
F1 - Acquisition parameters
TD                   32
SFO1           600.0159 MHz
FIDRES       187.800476 Hz
SW               10.016 ppm
FnMODE               QF
F2 - Processing parameters
SI                32768
SF          242.8897680 MHz
WDW                  EM
SSB      0
LB                 4.00 Hz
GB       0
PC                 1.40
F1 - Processing parameters
SI                 1024
MC2                  QF
SF          600.0131330 MHz
WDW                  no
SSB      0
LB       0 Hz
GB       0













Figure A.1.18. 31P-DOSY spectrum of triphenylphosphine, 1,1-
bis(diphenylphosphino)methane, and TETRAPHOS-2.  
Figure A.1.19. 31P-DOSY spectrum of triphenylphosphine, TETRAPHOS-2, and 13.
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A.2. Mass Spectra
Figure A.2.1. ESI mass spectrum of [Cu(MeOPrPE)2]PF6 (3).
Figure A.2.2. ESI mass spectrum of [Cu(MeOPrPP)2]OTf (4).
144
Figure A.2.3. ESI mass spectrum of [Cu(MPPE)2]PF6 (5).
Figure A.2.4. ESI mass spectrum of [Cu(MPPP)2]OTf (6).
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Figure A.2.5. ESI mass spectrum of [Cu(MeOPrPE)-P4DBP]OTf (7).
Figure A.2.6. ESI mass spectrum of [Cu(MeOPrPP)-P4DBP]OTf (8).
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Figure A.2.7. ESI mass spectrum of [Cu(MPPP)-P4DBP]OTf (10).
June26CuMPPE2dbbmacrocycle #1 RT: 0.01 AV: 1 NL: 1.85E9
T: + c ESI Full ms [ 150.00-1500.00]





































637.13 818.91713.13 1474.911108.001061.08 1424.321321.861227.19609.29258.93 993.80935.75505.11191.46 334.91 367.26 440.42
June26CuMPPE2dbbmacrocycle #1 RT: 0.01 AV: 1 NL: 1.85E9
T: + c ESI Full ms [ 150.00-1500.00]















































Figure A.2.8. ESI mass spectrum of [Cu(MPPE)-P4DBB]OTf (11). 
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Feb19-CuMPPP2-OTf-DBBmac #1 RT: 0.02 AV: 1 NL: 1.59E9
T: + c ESI Full ms [ 150.00-2000.00]






































773.13 813.04707.33 849.25 858.88629.53 782.61737.13 836.99793.05581.20 679.56 745.38 828.53612.30 721.63 758.91653.25595.33 663.38
Figure A.2.9. ESI mass spectrum of [Cu(MPPP)-P4DBB]OTf (12).
Co-mac-Cl2 #1 RT: 0.01 AV: 1 NL: 9.88E7
T: + c ESI Full ms [ 150.00-2000.00]










































Figure A.2.10. ESI mass spectrum of Co(14)Cl2.
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Figure A.2.11. FAB mass spectrum of 14.
Figure A.2.12. Hi-Res FAB-MS of 14.
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A.3. UV-Vis Spectra
Figure A.3.1. UV-Vis spectrum of Co(13)Cl2 in dichloromethane. 
150
APPENDIX B
SUPPORTING INFORMATION FOR CHAPTER III
B.1. NMR Spectra
Figure B.1.1. 31P{1H} NMR Spectrum of Cu(DHMPE)2Cl with small oxidized 
phosphine impurity
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Figure B.1.2. 1H NMR Spectrum of Cu(DHMPE)2Cl (small peaks are trace water from 
D2O and methanol)
Figure B.1.3. 13C NMR Spectrum of Cu(DHMPE)2Cl
152
Figure B.1.4. 1H DOSY Spectrum of Cu(DHMPE)2Cl (small crosspeaks are trace water 
from D2O and methanol)
Figure B.1.5. 31P NMR of Cu(thp)4PF6
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Figure B.1.6. 1H DOSY Spectrum of Cu(thp)4PF6 (small crosspeak is trace water from 
D2O)
Figure B.1.7. 1H DOSY Spectrum of a mixture of Cu(DHMPE)2Cl and Cu(thp)4PF6  
(small crosspeaks are trace water from D2O and methanol)
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Figure B.1.8. Infrared spectrum of Cu(DHMPE)2Cl (ATR)
Figure B.1.9. Infrared spectrum of Cu(DHMPE)2PF6  (ATR)
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APPENDIX C
SUPPORTING INFORMATION FOR CHAPTER IV
C.1. NMR Spectra
Figure C.1.1. 31P{1H} NMR spectrum of 1.
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Figure C.1.4. 31P{1H} NMR spectrum of 2.

























































































Figure C.1.9. 31P{1H} NMR spectrum of 4.
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Figure C.1.12. 31P{1H} NMR spectrum of 5c.
Figure C.1.13. 31P{1H} NMR spectrum of 6a.
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Figure C.1.16. 1H NMR spectrum of 6b.
Figure C.1.17. 31P{1H} NMR spectrum of 6c.
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Figure C.1.18. 1H NMR spectrum of 6c.
Figure C.1.19. 31P{1H} spectrum of 6b with excess BH3·THF. 
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Figure C.1.19. 1H NMR spectrum of Co(6b)Cl2 for Evans’ method.  
C.2. Mass Spectra
166
Figure C.2.1. ESI mass spectrum of 4.
CuP4OTf-DBP #1 RT: 0.01 AV: 1 NL: 1.74E9
T: + c ESI Full ms [ 150.00-2000.00]





































784.85 1135.921071.54925.54804.09 1022.63723.30652.78555.13 960.14857.09513.08451.25381.29
Figure C.2.2. ESI mass spectrum of 5a.
Figure C.2.3. ESI mass spectrum of 5b.
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Figure C.2.4. ESI mass spectrum of 5c.
CuP4OTfplusMeI #1 RT: 0.02 AV: 1 NL: 7.75E7
T: + c ESI Full ms [ 150.00-2000.00]


























1038.36 1319.21 1777.93355.07 1684.451436.66 1913.19
CuP4OTfplusMeI #1 RT: 0.02 AV: 1 NL: 7.75E7
T: + c ESI Full ms [ 150.00-2000.00]


























746.89715.07663.21611.17 637.11 696.50 760.97 802.52731.19592.33 789.45567.70
Figure C.2.5. ESI mass spectrum of 5d. 
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Figure C.2.5. ESI mass spectrum of Co(6b)Cl2.
Figure C.2.6. ESI mass spectrum of [Fe(6b)(CH3CN)2](BPh4)2.
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June7-FeOTf2P4mac3 #1 RT: 0.00 AV: 1 NL: 4.22E8
T: + c ESI Full ms [ 150.00-1500.00]













































Figure C.2.7. ESI mass spectrum of [Fe(6b)(CH3CN)2](OTf)2.
march28-NiCl2mac #1 RT: 0.02 AV: 1 NL: 2.38E6
T: + c ESI Full ms [ 150.00-2000.00]



















































Figure C.2.7. ESI mass spectrum of [Ni(6b)]Cl2.
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C.3. Infrared Spectra
Figure C.3.1. Infrared spectrum of Cu(3)OTf, 4.
Figure C.3.2. Infrared spectrum of [Fe(6b)(CH3CN)2](OTf)2.
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Figure C.3.3. Infrared spectrum of [Fe(6b)(CH3CN)2](OTf)2 made in an Ar-filled 
glovebox.
Figure C.3.3. Infrared spectrum of [Fe(6b)(CH3CN)2](OTf)2 made in an Ar-filled 
glovebox, redissolved and and bubbled with N2.
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[Fe(6b)(CH3CN)2](OTf)2 
[Fe(6b)(CH3CN)2](OTf)2 in Ar box 
[Fe(6b)(CH3CN)2](OTf)2 redissolved 
in a nitrogen box. 
Figure C.3.4. Overlay of [Fe(6b)(CH3CN)2](OTf)2 made in an argon-filled glovebox vs. 
made in a nitrogen-filled glovebox.  
Figure C.3.5. Overlay of [Fe(6b)(CH3CN)2](OTf)2 made in an argon-filled glovebox vs. 
made in a nitrogen-filled glovebox (y-axis is absorbance). 
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C.4. UV-Vis Spectra




















































C.5.1. Possible stereoisomers of phosphine 6b (arc = -C3H6-, box = -C4H8-).
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APPENDIX D





































































































































































Figure D.1.8. 31P{1H} NMR Spectrum of 8 in CDCl3.
Figure D.1.9. 31P{1H} NMR Spectrum of 10a in CDCl3.
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Simulation of Four Spin (04-11-2014, 09:47:37)
40 35 30 25 20 15 10
ppm
WINDNMR  04-11-2014 Scale: 0.70Create PDF files without this message by purchasing novaPDF printer (http://www.novapdf.com)
 
Simulation of AA'BB' (04-11-2014, 09:57:34)
32 30 28 26 24
ppm
WINDNMR  04-11-2014 Scale: 0.70Create PDF files without this message by purchasing novaPDF printer (http://www.novapdf.com)
Figure D.1.10. Simulated 31P{1H} NMR Spectrum of 10a.
Figure D.1.11. 31P{1H} NMR Spectrum of 10b in CDCl3.
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Figure D.1.12. 31P{1H} NMR Spectrum of 13a in CDCl3.
Figure D.1.13. 1H NMR Spectrum of 13a in CDCl3.
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Figure D.1.14. 13C NMR Spectrum of 13a in CDCl3. 
Figure D.1.15. 31P{1H} NMR Spectrum of 13b in CDCl3.
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Figure D.1.16. 1H NMR Spectrum of 13b in CDCl3.
Figure D.1.17. 31P{1H} NMR Spectrum of 13c in CDCl3.
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Figure D.1.18. 1H NMR Spectrum of 13c in CDCl3.
Figure D.1.19. 31P{1H} NMR Spectrum of 14 in CDCl3.
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Figure D.1.20. 1H NMR Spectrum of 14 in CDCl3.
Figure D.1.21. 31P{1H} NMR Spectrum of 15 in CDCl3.
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Figure D.1.22. 31P NMR Spectrum of 15 in CDCl3.
Figure D.1.23. 1H NMR Spectrum of 15 in CDCl3.
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Figure D.1.24. 31P{1H} NMR Spectrum of 16 in CDCl3.
Figure D.1.25. 1H NMR Spectrum of 16 in CDCl3.
187
Figure D.1.26. 31P{1H} NMR Spectrum of 17 in CDCl3.
Figure D.1.27. 31P NMR Spectrum of 17 in CDCl3.
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Figure D.1.28. 1H NMR Spectrum of 17 in CDCl3.
Figure D.1.29. 13C NMR Spectrum of 17 in CDCl3.
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Figure D.1.30. 31P{1H} NMR Spectrum of 18 in CDCl3.
Figure D.1.31. 1H NMR Spectrum of 18 in CDCl3.
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Figure D.1.32. 31P{1H} NMR Spectrum of 19 in CDCl3.
Figure D.1.33. 1H NMR Spectrum of 19 in CDCl3.
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Figure D.1.34. 1H NMR Spectrum of 20 in CDCl3.
D.2. Mass Spectra
Figure D.2.1. ESI-MS of 1.
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Figure D.2.2. ESI-MS of 2.
Figure D.2.3. ESI-MS of 3.
193
Figure D.2.4. ESI-MS of 4.
Nov29DC-FeP4Cl2-full #1 RT: 0.01 AV: 1 NL: 7.00E8
T: + c ESI Full ms [ 150.00-2000.00]





































866.94409.64 951.06259.66 1059.03 1181.01 1335.95 1491.90 1914.631593.83 1700.41
Nov29DC-FeP4Cl2-full #1 RT: 0.01 AV: 1 NL: 7.00E8
T: + c ESI Full ms [ 150.00-2000.00]




































655.41 667.43665.43647.50 659.35632.48 661.32 663.32645.61 657.31634.29 639.07 643.61641.03635.88
Figure D.2.5. ESI-MS of 10a.
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april23-vial3-FeP4Br2 #1 RT: 0.02 AV: 1 NL: 2.25E9
T: + c ESI Full ms [ 100.00-2000.00]




































1137.97730.88614.94 956.50465.12 847.00279.00 1255.44215.26 1422.24 1961.191650.371574.14 1785.83
april23-vial3-FeP4Br2 #1 RT: 0.02 AV: 1 NL: 2.25E9
T: + c ESI Full ms [ 100.00-2000.00]




































698.94 730.88 735.18712.54 726.87 738.14700.42 709.89 717.03677.89 681.22 742.41666.97 675.18 692.43 721.87687.98
Figure D.2.6. ESI-MS of 10b.
april29-FeP4Cl2-acetylacetone #1 RT: 0.01 AV: 1 NL: 3.22E9
T: + c ESI Full ms [ 100.00-2000.00]















































Figure D.2.7. ESI-MS of 12a. 
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april29-FeP4Br2-acetylacetone #1 RT: 0.02 AV: 1 NL: 1.14E9
T: + c ESI Full ms [ 100.00-2000.00]


























































Figure D.2.7. ESI-MS of 12b.
sept27FeCl2dibromoxylene-macrocycle-full #1 RT: 0.00 AV: 1 NL: 3.36E7
T: + p ESI Full ms [ 500.00-950.00]


















































Figure D.2.8. ESI-MS of 10a macrocyclized with o-dibromoxylene.
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october7-FeP4Br2-dibromoxylene-mac #1 RT: 0.02 AV: 1 NL: 2.22E7
T: + p ESI Full ms [ 300.00-1500.00]





















































october7-FeP4Br2-dibromoxylene-mac-cent #1 RT: 0.01 AV: 1 NL: 2.62E8
T: + c ESI Full ms [ 300.00-1500.00]







































804.79 809.39806.58 810.27808.35793.63791.23790.35 792.37 794.67788.86
Figure D.2.9. ESI-MS of 10b macrocyclized with o-dibromoxylene.
D.3. Infrared Spectra
Figure D.3.2. IR Spectrum of 4.
197
Figure D.3.3. IR Spectrum of [Fe(MPPE)2(CH3CN)2](OTf)2 (7).
Figure D.3.4. IR Spectrum of 8.
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Figure D.3.5. IR Spectrum of 10a.
Figure D.3.5. IR Spectrum of 10b. 
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Figure D.3.6. IR Spectrum of 11.
D.4. Crystal Data
Table D.4.1.  Crystal data and structure refinement for cis-Fe(MPPP)2Cl2 (4).
Identification code  char1
Empirical formula  C30 H36 Cl2 Fe P4
Formula weight  647.22
Temperature  173(2) K
Wavelength  0.71073 Å
Crystal system  Monoclinic
Space group  P2(1)
Unit cell dimensions a = 9.194(2) Å ɑ = 90°.
 b = 16.406(4) Å β = 111.439(4)°.
 c = 10.500(3) Å ɣ = 90°.
Volume 1474.3(7) Å3
Z 2
Density (calculated) 1.458 Mg/m3
Absorption coefficient 0.930 mm-1
F(000) 672
Crystal size 0.20 x 0.10 x 0.04 mm3
200
Theta range for data collection 2.08 to 25.98°.
Index ranges -11<=h<=11, -20<=k<=20, -12<=l<=12
Reflections collected 12433
Independent reflections 5700 [R(int) = 0.0412]
Completeness to theta = 25.98° 99.7 % 
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 1.000 and 0.770
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 5700 / 1 / 350
Goodness-of-fit on F2 1.038
Final R indices [I>2sigma(I)] R1 = 0.0460, wR2 = 0.0918
R indices (all data) R1 = 0.0578, wR2 = 0.0987
Absolute structure parameter 0.08(2)
Largest diff. peak and hole 0.752 and -0.388 e.Å-3
Table D.4.2.  Crystal data and structure refinement for trans-[Fe(MPPP)2(CH3CN)2]
(PF6)2 (8-PF6).
Identification code  char7
Empirical formula  C36 H45 F12 Fe N3 P6
Formula weight  989.42
Temperature  173(2) K
Wavelength  0.71073 Å
Crystal system  Triclinic
Space group  P-1
Unit cell dimensions a = 9.7075(8) Å ɑ = 96.9270(10)°.
 b = 10.7282(8) Å β = 94.8200(10)°.
 c = 11.8667(9) Å ɣ = 115.6710(10)°.
Volume 1092.83(15) Å3
Z 1
Density (calculated) 1.503 Mg/m3
Absorption coefficient 0.647 mm-1
F(000) 506
Crystal size 0.37 x 0.16 x 0.04 mm3
Theta range for data collection 1.75 to 27.00°.
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Index ranges -12<=h<=12, -13<=k<=13, -15<=l<=15
Reflections collected 12344
Independent reflections 4732 [R(int) = 0.0161]
Completeness to theta = 25.98° 99.2 % 
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9746 and 0.7958
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 4732 / 0 / 358
Goodness-of-fit on F2 1.064
Final R indices [I>2sigma(I)] R1 = 0.0362, wR2 = 0.0969
R indices (all data) R1 = 0.0400, wR2 = 0.1004






















































































D.5.1. Possible isomers of cis-ɑ-Fe(10a)Cl2.
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APPENDIX E
CRYSTAL STRUCTURE OF P,P’-DIPHENYLETHYLENEDIPHOSPHONIC 
ACID DIHYDRATE











A STUDY OF THE FLUXIONAL BEHAVIOR OF cis-Fe(DMeOPrPE)2(H)2 
(DMeOPrPE=1,2-[BIS(DIMETHOXYPROPYL)PHOSPHINO]ETHANE) 
 
The experimental work in this appendix was performed by Susan R. Cooper during a 




The fluxional behavior of Fe(DMeOPrPE)2(H)2 has been studied using multinuclear 
variable temperature (VT) NMR studies.  The hydrides in this complex are a cis- to each 
other in an octahedral geometry.  Using VT NMR, a possible mechanism for this 
fluxional behavior has been proposed.  The VT NMR results show that the complex has a 
coalescence temperature of 100 °C and the activation parameters of the fluxional process 




It has been long known that cis-dihydride iron phosphine complexes show non-
rigid stereochemistry, which is observable on the NMR time scale.1  Previous work has 
shown that iron complexes bearing 1,2-[bis(dimethoxypropyl)phosphino]ethane 
(DMeOPrPE) can be used to generate small amounts of ammonia.2  One of the possible 
intermediates along the way to ammonia is the dihydride complex, Fe(DMeOPrPE)2(H)2 
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(Figure G.2.1).  Recent work has shown that this complex exhibits fluxional behavior, but 
was not studied extensively.3  In this note, we report the results of a multinuclear 
variable-temperature (VT) study examining the fluxional behavior of cis-
Fe(DMeOPrPE)2(H)2. From an analysis of the spectra obtained, we were able to 
determine the activation parameters for the fluxional behavior of the complex.  
Additionally, the data obtained is compared to other cis-dihydride complexes to help lend 
insight into a mechanism for this fluxional behavior. Some of the most plausible options 
for a mechanism include: a Bailar twist mechanism, bond dissociation of an iron 
phosphorus bond, the two hydrides coming closer in a transition state to form an H2 
ligand and a mechanism where one hydrogen atom would move to an unoccupied face of 
a complex where the phosphorus ligands are arranged tetrahedrally and one hydrogen 
would remain in its original position.4-6   
 
 

















G.3. Results and Discussion  
Variable temperature (VT) NMR experiments were run to determine the 
activation parameters for the fluxional behavior of cis-Fe(DMeOPrPE)2(H)2.  The 
coalescence point was 100 °C and the low temperature limit was -40 °C.  Rate constants 
were determined (Figure G.3.1) and an Eyring plot was used to determined the activation 
parameters of the fluxional process to be ΔH‡ = 11.6 kcal/mol, ΔG‡ = 14.3 kcal/mol and 
ΔS‡ = -0.009 kcal/mol.  The activation parameters are similar to activation parameters for 
similar systems reported in the Table 1.4,7 
There are four possible mechanisms suggested in the literature for H exchange in 
cis-Fe(P2)2(H)2 similar systems, which show similar activation parameters to the 
parameters found in this study.  One mechanism involves the Fe-P bond breaking and 
reforming in another place (Figure G.4.3).  The bond dissociation energy of an iron 
phosphorus bond is 30-40 kcal/mol.8,9  From the data observed for our system, this value 
is far too large for a bond dissociation mechanism to be the mechanism of this fluxional 
behavior.  An Eyring plot was used to determine the activation parameters and compared 
to those for an intramolecular reaction of an H2 ligand going to two terminal hydride 
ligands in an H2-H complex (Figure G.3.2).10 These activation parameters are also 
comparable and could suggest that an H2 ligand formation and a subsequent 5-coordinate 
complex, which are known to have non-rigid stereochemistry, could be part of the 
mechanism for this fluxional behavior. Also, a mechanism where one hydrogen atom 
would move to an unoccupied face of a complex where the phosphorus ligands are 
arranged tetrahedrally and one hydrogen would remain in its original position could also 
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be possible due to the similarity of the activation parameters calculated for this 
mechanism.4-6 
 
Table G.3.1. Comparison of Erying Plot Data with Selected References 
 

















ΔG‡ kcal/mol 14.3 13.7 14.0 13.0 
ΔH‡ kcal/mol 11.6 11.1 11.0 12.2 
ΔS‡ kcal/mol*K -0.0092 -0.0088 -0.0010 -0.0025 
 
 
Figure G.3.1. 31P{1H} NMR Spectra for Fe(DMeOPrPE)2(H)2 at different temperatures.  
Experimental data is shown on the left and the simulated data with calculated rate 
constants are on the right.   
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Figure G.3.2. Bond dissociation mechanism 
 
 



















































































Figure G.3.4. Bailar twist mechanism 
G.4. Conclusions 
In this note, we report the activation parameters for the fluxional behavior of 
Fe(DMeOPrPE)2(H)2.  The activation parameters obtained are similar to those obtained 
for other cis-dihydride systems, lending insight into the possible mechanism of 
fluxionality. From the data obtained, bond dissociation of an iron phosphorus bond is not 
likely the reason for fluxional behavior.  Instead, the data correlates well with data seen 
for similar complexes where two hydrides form an H2 ligand, rearrange, and reform the 
two hydrides.    
G.5. Experimental Section 
 G.5.1. General Procedures.  Unless otherwise noted, all experimental procedures 
were performed under an inert (Ar) atmosphere, using standard Schlenk and glovebox 
techniques.  Commercially available reagents were used as received.  HPLC-grade THF 
was dried and deoxygenated by passing through commercial columns of CuO, followed 



































































Cambridge Isotope Laboratories and degassed using three freeze-pump-thaw cycles.  The 
synthesis of Fe(DMeOPrPE)2(H)2 has been previously reported.3  Air-sensitive NMR 
samples were sealed in Ar-filled J-Young tubes.  NMR spectra were obtained on a Varian 
Unity/Inova 500 spectrometer operating at a frequency of 500.62 MHz (1H) or 202.45 
MHz (31P).  The 1H spectra were referenced to residual solvent peaks, and the 31P NMR 
spectra were referenced to external 1% H3PO4 in D2O.  
For comparison, rate constants were determined by two different methods. One 
method used Equation 1, using the bandwidths determined by Mrestrenova software 
using a Lorentzian line shape.   
       (1) 
The other method used Spinworks 4.0.0 Beta software and DNMR3 to determine rate 
constants. The activation parameters were determined using an Eyring plot and Equation 
2.  Both calculations results are shown in Table 2.  In general, the two methods give 
comparable results.   
         (2) 
 
Table G.5.1. Comparison of Simulation Data vs. Bandwidth Method. 
 Eyring Plot Simulated 298 K Eyring Plot Bandwidth 298 K 
ΔG‡ kcal/mol 14.3 14.3 
ΔH‡ kcal/mol 11.6 9.8 
ΔS‡ kcal/mol*K -0.009 -0.015 
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